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ABSTRACT 
TiO2 NANOTUBE BASED DYE SENSITISED SOLAR CELLS 
 
 
FRANSCIOUS RICCARDO CUMMINGS 
 
 
Ph.D. Thesis, Department of Physics, University of the Western Cape 
 
 
The first report of a functioning photo-electrochemical solar cell in 1991 
attracted a lot of interest from scientists and industrial groups. From an 
industrial point of view these so-called dye-sensitised solar cells (DSCs) 
offered the promise of moderate efficiency devices at ultra-low costs, owing to 
simple processing methods and the use of inexpensive materials. From an 
academic viewpoint, DSCs raised important scientific questions around the 
fundamental processes governing their operation and how these processes 
influence the photon-to-electron conversion efficiency of the cell. Major 
successes have since been achieved in understanding these processes, 
however the conversion efficiency of the best manufactured DSCs remains 
around 11%, significantly lower than that of their silicon photovoltaic 
counterparts.  
 
In traditional DSCs, charge generation is achieved by ultrafast electron 
injection from a photo-excited ruthenium-based dye molecule into the 
conduction band of a film of TiO2 nanoparticles, subsequent dye regeneration 
by an -/I-I 3 containing redox electrolyte and finally hole transportation to a 
platinum-coated counter electrode.   
 
 
 
 
 
 
 
The low DSC efficiencies are attributed to scattering of electrons at the 
interface between two TiO2 nanoparticles leading to recombination with holes 
present in the redox electrolyte. Recent studies have shown that the application 
of films of highly ordered TiO2 nanotubes instead of nanoparticles has the 
potential to improve the overall conversion efficiency of the cell. This is ascribed 
to the one-dimensional nature of nanotubes, which provides a linear 
transportation route for electrons generated during operation of the DSC. As a 
result the recombination probability of the electrons with nearby holes in the 
device is decreased.  
 
This work investigated the synthesis of Al2O3-coated TiO2 nanotubes via 
the anodisation technique for application in DSCs. TiO2 nanotube arrays with 
an average length of 15 µm, diameter of 50 nm and wall thickness of  15 nm 
were synthesised via anodisation using an organic neutral electrolyte consisting 
of 2 M H2O + 0.15 M NH4F + ethylene glycol (EG) at an applied voltage of 60 V 
for 6 hours. In addition, scanning electron microscope (SEM) micrographs 
showed that anodisation at these conditions yields nanotubes with smooth 
walls and hexagonally shaped, closed bottoms.  
 
X-ray diffraction (XRD) patterns revealed that the as-anodised nanotubes 
were amorphous and as such were annealed at 450 °C for 2 hours in air at 
atmospheric pressure, which yielded crystalline anatase TiO2 nanotubes. High-
resolution transmission electron microscope (TEM) images revealed that the 
nanotube walls comprised of individual nano-sized TiO2 crystallites.  
Photoluminescence (PL) spectroscopy showed that the optical properties, 
especially the bandgap of the TiO2 nanotubes are dependent on the 
 
 
 
 
 
 
crystallinity, which in turn was dependent on the structural characteristics, such 
as the wall thickness, diameter and length. The PL measurements were 
supplemented by Raman spectra, which revealed an increased in the quantum 
confinement of the optical phonon modes of the nanotubes synthesised at low 
anodisation voltages, consequently yielding a larger bandgap 
 
The annealed nanotubes were then coated with a thin layer of alumina 
(Al2O3) using a simple sol-gel dip coating method, effectively used to coat films 
of nanoparticles. Atomic force microscopy (AFM) showed that the average 
nanotube diameter increased post sol-gel deposition, which suggests that the 
nanotubes are coated with a layer of Al2O3. This was confirmed with HR-TEM, 
in conjunction with selected area electron diffraction (SAED) and XRD 
analyses, which showed the coating of the nanotube walls with a thin layer of 
amorphous Al2O3 with a thickness between 4 and 7 nm. Ultraviolet-visible (UV-
vis) absorbance spectra showed that the dye-adsorption ability of the 
nanotubes are enhanced by the Al2O3 coating and hence is a viable material for 
solar cell application.  
 
 Upon application in the DSC, it was found by means of photo-current 
density – voltage (I – V) measurements that a DSC fabricated with a 15 µm 
thick layer of bare TiO2 nanotubes has a photon-to-light conversion efficiency of 
4.56%, which increased to 4.88% after coating the nanotubes with a layer of 
alumina. However, these devices had poorer conversion efficiencies than bare 
and Al2O3-coated TiO2 nanoparticle based DSCs, which boasted with 
efficiencies of 6.54 and 7.26%, respectively. The low efficiencies of the TiO2 
nanotube based DSCs are ascribed to the low surface area of the layer of 
 
 
 
 
 
 
nanotubes, which yielded low photocurrent densities. Electrochemical 
impedance spectroscopy (EIS) showed that the electron lifetime in the alumina 
coated nanotubes are almost 20 times greater than in a bare layer of 
nanoparticles. In addition, it was also found that the charge transfer resistance 
at the interface of the TiO2/dye/electrolyte is the lowest for an Al2O3-coated TiO2 
layer.   
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CHAPTER ONE  
Background  
 
 
1.1 Introduction  
 
 
South Africa’s primary energy supply is dominated by coal, as 
statistically captured in Figure 1.1 by the South African Department of Energy 
[1.1]. This energy mix can largely be explained by the fact that South African 
coal is relatively abundant, of high quality and inexpensive when compared to 
international coals. However, the majority of the local high quality coals are 
exported off-shore and the low grade coals used in local power stations for 
power generation, resulting in increased levels of pollution. A pending energy 
crisis is looming large for the country as the high quality coal reserves for 
electricity generation are increasingly becoming limited. Added to the 
increasing health risks and negative environmental impact associated with 
traditional coal and crude-oil based power generation, it can be seen that 
South Africa are in urgent need of clean and inexpensive alternative energy 
sources to diversify its energy mix. 
 
Figure 1.1 shows that only 8% of South Africa’s total energy supply 
originates from renewable energy sources even though these avenues 
potentially provide an unlimited amount of clean energy. The South African 
government has earmarked hydro and solar renewable energy sources as 
possible future large-scale providers of energy for rural areas,  where a great 
percentage of the South African population [1.1, 1.2] lives. However, with the 
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generally low annual rainfall (average of 450 mm compared with a world 
average of 860 mm) [1.3], as well as the constant droughts in the interior 
western regions of the country, utilisation of hydro-electric power generation 
methods remains limited and generally not well-developed. On the other hand, 
due to its abundant sunshine South Africa has the potential to become one of 
the global giants in exploiting solar energy, not only for household, but also 
industrial application.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: South Africa’s primary energy supply sources as captured in 2004 
[1.1] 
 
The average daily solar radiation in South Africa varies between 4.5 and 
6.5 kWh/m2, which is better than that of the United States with an average  
radiation of 3.6 kWh/m2 and Europe and the United Kingdom of 2.5 kWh/m2 
[1.2, 1.4]. With this in mind, it make sense that photovoltaic (PV) research and 
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development (R&D) requires great attention for it provides the most 
straightforward method of converting sunlight into electrical energy, requiring 
less manpower and manufacturing [1.5].  
 
 
1.2 Photovoltaics  
 
 
A basic definition of a photovoltaic (PV) device is that it converts light 
energy into electrical energy and consists primarily of a photovoltaic (or solar) 
cell and peripheral devices, such as a battery. Typical solar cells produce less 
than 3 watts at approximately 0.5 volt direct current (DC), therefore in practice 
they are connected in series-parallel configurations (known as modules) to 
produce enough power for everyday applications. For high-power applications 
these modules are connected to form photovoltaic arrays, or hybrid systems, 
as shown in Figure 1.2 [1.5 - 1.7].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: (a) Individual PV cells interconnected to form a module and (b) 
example of a solar farm employing PV modules, connected to 
form a PV array for high power applications [1.7]  
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Current commercialised solar cell technologies include the traditional 
single-crystalline (c-Si), poly-crystalline (poly-Si), the less expensive 
amorphous silicon (a-Si) cells and thin film solar cells such as copper-indium-
gallium-selenide (CIGS) cells. However, the main obstacles faced by these 
technologies for large-scale commercialisation are their high manufacturing 
costs, relatively low efficiency compared to coal and nuclear power generating 
methods and the lack of long-term stability of the underlying solar cells [1.5]. 
In addition, some traditional solid state solar cells employ hazardous 
materials, such as gallium arsenide (GaAs), which pose risks for the 
environment within which they are operated [1.7]. Hence the bulk of PV R&D 
over the last two decades focused on improving efficiencies and long-term 
stability of the solar cells, while utilising less-volatile materials and keeping the 
cost of manufacturing at a minimum.   
 
 
1.3 New Generation Photovoltaics 
 
 
A major breakthrough in cost-reduction of solar cells was realised in 
1991 with the first report of a functioning photo-electrochemical solar cell, 
based on the dye sensitisation of porous, nanocrystalline titanium dioxide 
(TiO2) films by O’Regan and Grätzel [1.8]. Needless to say, this breakthrough 
attracted a lot of interest from both industry and the scientific community. 
From an industrial point-of-view these so-called dye-sensitised solar cells 
(DSCs) or Grätzel cells (named after its inventor, Prof. Michael Grätzel) 
offered the promise of moderate efficiency devices at ultra-low costs. From an 
academic stance, DSCs raised important questions around the fundamental 
processes governing their operation [1.9].  
 
 
 
 
CHAPTER ONE: Background  
 5 
Firstly, much of the theory developed to describe the photo-
electrochemical behaviour of bulk semiconductors could not be applied 
directly to the nanocrystalline TiO2 films present within the DSC. For instance, 
the formation of a depletion layer as well as bending of the electronic bands of 
these nanocrystalline materials were considered highly unlikely, owing to their 
exceedingly small crystallite sizes. Secondly, the relationship between the 
surface area of the TiO2 nanoparticle film and the reported photovoltage 
values (~ 700 mV) also intrigued researchers. Although the large surface area 
of the film could well account for the observed photocurrent, it could not 
explain the magnitude of the observed photovoltage. Finally, scientists battled 
to understand how electrons could move through insulating particles of TiO2 to 
a collecting electrode without undergoing significant recombination, thereby 
markedly reducing the PV response of the cell [1.9 – 1.11].   
 
Today, 20 years onwards and with the advent of nanoscience and 
nanotechnology, much progress has been made in advancing the 
understanding of the science around the operation of the DSC. So much so, 
that several industrial companies across Europe [1.12– 1.14] and Pacific-Asia 
[1.15, 1.16] currently actively work towards the commercialisation of Grätzel 
cells. However, the exact physics and chemistry at the different interfaces 
within the cell remain a topic of debate [1.9] and currently pose as the biggest 
challenge in manufacturing DSCs with efficiencies to rival commercialised 
crystalline solar cells for use in large scale power generation plants. Figure 
1.3 shows an exhibition stand of DSCs (both modules and small-scale 
“master-plates”) at TIMO Technologies®, South Korea, during a visit to the 
company in 2009.  
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Figure 1.3: Dye-sensitised solar cells in operation at TIMO Technologies®, 
South Korea   
 
Potentially DSCs can be produced at a cost of less than 1 U.S.$/peak 
watt [1.17] compared to 4.8 U.S.$/peak watt for silicon based solar cells [1.18] 
and yield an energy payback life-time of 3 months compared to 4 years for 
most crystalline silicon technologies. As a result of the photo-electrochemical 
nature of DSCs, a whole range of complementary and niche market 
applications, such as small-scale consumer electronics [1.19] and building 
integrated photovoltaics (BIPV) are envisaged for these novel solar cells 
[1.20]. Thus it can be seen that upon their commercialisation, DSCs will add a 
whole new dimension to the photovoltaic industry.   
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1.4 Operating Principle of the Dye-sensitised Solar Cell 
 
 
Figure 1.4 shows a schematic representation of the structure of a 
traditional DSC [1.21]. The heart of the cell comprises of a mesoporous film of 
anatase TiO2 nanoparticles (usually between 10 and 20 µm thick) deposited 
on a transparent conductive oxide (TCO) substrate. The TiO2 nanoparticles 
act as the transport medium for electrons from their point of generation to the 
TCO. A monolayer of a ruthenium (Ru) dye complex is chemically adsorbed 
onto the TiO2 surface to act as the light absorber, or sensitiser. The dye-
sensitised TiO2 nanoparticle film then forms the anode (working electrode) of 
the cell.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4: Schematic representation of the structure of a DSC [1.21]  
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The cathode (counter electrode) comprises of a thin film of platinum (Pt) 
deposited onto a TCO/glass substrate. The two electrodes are then sealed 
together and filled with an electrolyte solution containing an iodide/tri-iodide    
( -/I-I 3 ) red-ox couple, which acts as the hole conducting medium.   
 
Figure 1.5 shows the energy diagram and electron transfer routes of the 
DSC under light illumination [1.22]. During operation, light is absorbed by the 
dye molecules, resulting in the excitation of an electron from the highest 
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 
(LUMO) within the molecule. Thus the dye molecule is excited from its 
ground-state (denoted D in Figure 1.5) to an excited state D*. TiO2 is a 
semiconductor with a large band gap of 3.2 eV (corresponding wavelength of 
390 nm) and thus visible light is not absorbed by the TiO2 film. Direct 
absorption of UV-light is unwanted, since the created holes in the valence 
band (EVB) of the TiO2 are highly reactive and produce side reactions in the 
electrolyte, which are destructive for the cell during long term operation [1.22].  
 
The excited electron is then injected into the conduction band (ECB) of 
the TiO2 film and diffuses through the interconnected network of nanoparticles 
to reach the TCO by a random walk process involving multiple trapping and 
detrapping via states in the bandgap of the TiO2 [1.23, 1.24]. In Figure 1.5 
n
FE denotes the quasi-Fermi level of the electrons in the conduction band of 
the TiO2 and can be interpreted as the displacement of the Fermi level away 
from equilibrium, caused by the external photon excitation of the device. Upon 
reaching the TCO, the electron then conducts through the external load 
towards the counter electrode. 
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Figure 1.5: Energy scheme and electron transfer paths of a dye solar cell 
[1.22] 
 
The Pt layer at the counter electrode acts as a catalyst and ignites the 
redox reactions when the electrons reach the counter electrode. The oxidised 
dye molecule (D+) is reduced to its ground state (D) by the negatively charged 
-I ions of the electrolyte during the following reaction, 
 D 2+II 3 +D 2 -3
-+ →              (1.1) 
The positively charged tri-iodide ions, -3I then diffuses to the Pt counter 
electrode to regenerate the iodide ions via the reaction  
---
3 I 3→e 2 +I              (1.2), 
 thereby completing the electrical circuit. The maximum voltage produced by 
the DSC (i.e. the open-circuit voltage, denoted e0V in Figure 1.5) is the 
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difference between EF
n and EREDOX, the redox potential of the 
-/I-I 3 redox 
couple and is typically between 700 and 800 mV.    
 
 
1.5 Factors Limiting Cell Performance 
 
 
The photocurrent produced by a DSC is dependent on the total external 
quantum efficiency of the cell, called the incident-photon-current-conversion-
efficiency (IPCE) and is given by the product of the efficiencies for light 
harvesting ( lhη ), electron injection from the dye to the TiO2 conduction band    
( eiη ), electron transport through the TiO2 nanostructured film ( etη ) and 
electron collection at the TCO ( ecη ): 
    eceteilh η×η×η×η=IPCE               (1.3)  
 
Figure 1.6 sketches a graphical image of the IPCE process. In total there 
are four areas of importance that provide possible recombination pathways 
within the DSC, namely the TCO/TiO2, TiO2/dye, dye/electrolyte and the 
electrolyte/Pt interfaces as shown in Figure 1.6. The efficiency for hole 
collection at the platinised counter electrode (subsequently named hole-
conversion efficiency, or HCE) is given by a similar relation to that of (1.3) 
except that there is no light harvesting term involved, as shown in Figure 1.6 
[1.23]. For devices through which the light is shone from the Pt counter 
electrode side (so-called back-side illuminated DSCs), it is known that certain 
species of electrolyte as well as the thin Pt layer on the TCO scatter and 
absorb the incident light, which negatively impacts the light harvesting 
efficiency (LHE) at the TiO2/dye interface [1.24]. The product of IPCE and 
HCE gives the total device efficiency measured during I – V curve 
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characterisation and thus optimisation of the individual processes that 
contribute to both IPCE and HCE is paramount to achieving high efficiency 
devices. In the following sub-sections the factors influencing each of the 
efficiencies comprising the IPCE and HCE will be discussed in detail. This is 
done in order to shed some light on reasons behind the generally low device 
efficiencies often reported for DSCs. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6: Schematic representation of the different interfaces present 
within a DSC [1.23] 
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1.5.1 Light Harvesting Efficiency of the DSC 
 
 
The LHE ( lhη  in equation 1.3) within the DSC is highly dependent on the 
type of sensitiser (dye) employed. The ideal sensitiser for converting standard 
global air mass (AM) 1.5 sunlight to electricity should absorb all light below a 
threshold wavelength of about 920 nm. In addition, the sensitiser must also 
carry attachment groups such as carboxylate or phosphonate to firmly attach 
it to the dangling oxygen atoms on the TiO2 nanoparticle surface. Upon 
excitation it should inject electrons into the TiO2 conduction band with a 
quantum yield of unity and the energy level of the excited state (LUMO) 
should be well matched with the conduction band edge of the TiO2 to 
minimise energy losses during the electron injection reaction. An excited dye 
molecule may directly relax back into its ground state without injection of an 
electron into the TiO2 bandgap. This process is negligible, however, as it has 
been shown that injection is about 1000 times faster than relaxation [1.25]. 
The redox potential of the sensitiser should be sufficiently high that it can be 
regenerated via electron donation from the redox electrolyte and finally, the 
sensitiser should be stable enough to sustain about 108 turnover cycles 
corresponding to about 20 years of exposure to natural light [1.26]. 
 
The best photovoltaic performance both in terms of conversion yield and 
long-term stability has so far been achieved with polypyridyl complexes of 
ruthenium (Ru). More specifically, sensitisers with the chemical structure of 
the form ML2(X)2, where L stands for 2,2’-bipyridyl-4,4’-dicarboxylic acid, M is 
a metal and X presents a halide, cyanide, thiocyanate, acetyl acetonate, 
thiacarbamate or water substituent, have shown to perform the best when 
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incorporated within a DSC [1.25, 1.26]. For close to a decade, the Ru complex 
cis-RuL2(NCS)2, discovered in 1993 [1.25] and best known as N3 dye, was 
the paradigm for heterogeneous charge transfer sensitisers in DSCs.   
 
The fully protonated N3 dye has absorption maxima at 518 and 380 nm, 
respectively and emits at 750 nm, which equates to a lifetime of 60 ns. The 
electron generation process within the N3 dye has metal-to-ligand charge 
transfer (MLCT) character. This implies that upon illumination an electron is 
transferred from the Ru metal to the p* orbital of the surface anchoring 
carboxylated bipyridyl ligand, from where it is released within femto- to 
picoseconds into the conduction band of TiO2, thereby generating electric 
charges with unit quantum yield [1.28]. In 2001 the N719 or “black” dye, 
RuL’3(NCS)3, where L’ is (cyanato)-2,2’2”-terpyridyl-4,4’4”-tricarboxylate, 
achieved a then record 10.4% (AM 1.5) solar-to-power conversion efficiency 
in full sunlight [1.29]. This dye has since been the most popular dye among 
researchers and will also be the sensitiser used throughout this study. Figure 
1.7 shows the chemical structure of the N3 and N719 dye molecules, as well 
as the bonding of the N3 to the surface of the TiO2 semiconductor.  
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Figure 1.7: Molecular structure of (a) N3 dye bonded to the TiO2 surface 
and (b) N719 (or black) dye commonly used in DSCs [1.26, 
1.27]   
 
 
1.5.2 Interfacial Reactions at the Substrates   
 
 
If the charge transfer resistance at the TCO is the same as at the 
counter electrode, the DSC would not operate properly. However, the charge 
transfer resistance at the counter electrode is reduced by many orders of 
magnitude by the platinum catalyst, whereas the charge transfer resistance at 
the TCO/electrolyte interface is sufficiently high to create a potential difference 
across the external load [1.22].   
 
The electrolyte penetrates the TiO2 nanostructured architecture and is 
also in contact with the front TCO electrode. It has been demonstrated that 
the fluorine-doped tin oxide (FTO) substrates must be covered by a thin, 
(a) 
N3 dye TiO2 
surface 
(b) 
N719 or black dye 
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compact layer of TiO2 (called a “blocking” layer) in order to prevent efficiency 
loss due to electron transfer to the hole-conducting electrolyte from the FTO, 
which typically has a doping density in excess of 1020 cm-1 [1.30, 1.31]. 
Hence, modern day DSCs employ these TiO2 blocking layers, as shown in 
Figure 1.6, to overcome charge loss at the conductive substrate.    
 
The principle task of the counter electrode (CE) in the DSC is to reduce 
the hole conducting species of the electrolyte, as depicted by reaction (1.2) 
above [1.32]. Thus the counter electrode-electrolyte interface kinetics is an 
important study to pursue. At present, several CEs have been introduced such 
as platinised transparent CEs [1.33], carbon CEs [1.34] and conductive 
polymer CEs [1.35]. Similarly different electrolyte systems have been 
employed, however the best performing CE-electrolyte system employed 
today remains the platinised transparent CE in conjunction with the iodide/tri-
iodide redox system. This system will also be used exclusively in this study.   
 
 
1.5.3 Interfacial Reactions at the TiO2/dye/electrolyte Interfaces 
 
 
The extended interface between the TiO2 nanoparticle film and the 
electrolyte solution allows for efficient light harvesting and charge carrier 
(electron-hole, or e-h pair) generation in the DSC. However, this extended 
surface area also increases the probability of recombination between the e-h 
pairs because the holes in the electrolyte, i.e. -3I , is in close proximity to the 
generated electrons in the dye and the TiO2 nanoparticle film. This interface is 
the most important interface in the DSC and thus the majority of the current 
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research is focused at optimising the charge transfer/recombination rates at 
this point in the cell.    
 
Electrons from the conduction band of the TiO2 may recombine with the 
oxidised dye molecule before the dye is reduced by the electrolyte. However, 
reduction by the electrolyte is about 100 times faster than recombination 
[1.36] and thus no significant recombination between the electron in the TiO2 
and the oxidised dye is usually noted. The major recombination at the 
TiO2/dye/electrolyte interface is between the electrons in the TiO2 conduction 
band and the -3I ions of the electrolyte. The two main factors that contribute to 
this recombination reaction are the slow diffusion of electrons through the 
random polycrystalline network of TiO2 nanoparticles [1.37] and the loss of 
electrons at the grain boundary of two nanoparticles [1.38]. The factors 
controlling the rate of charge carrier percolation across the nanocrystalline film 
are presently under intense scrutiny with various groups experimenting with a 
range of semiconducting architectures and materials. This will be discussed in 
more detail below.   
 
 
1.6 Strategies to Improve the DSC Performance 
 
 
As described above, recombination is primarily an interfacial process in 
DSCs, in contrast to the bulk process that occurs in conventional p-n junction 
solar cells. In principle, therefore, interfacial engineering rather than improved 
materials quality may be used to decrease the recombination rate in dye-
sensitised nanoporous films [1.39]. In this regard, an attractive option is the 
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fabrication of TiO2 structures with a higher degree of order than the random 
fractal-like assembly of nanoparticles, employed by conventional DSCs.  
 
In 2001 Gong et al [1.40] reported the synthesis of ordered arrays of 
TiO2 nanotubes by means of an electrochemical process involving oxidation 
and etching (better known as anodisation) of titanium foil sheets in the 
presence of a fluoride-containing electrolyte solution. Figure 1.8 shows 
scanning electron microscopy (SEM) micrographs of the resulting nanotubular 
architectures synthesised by Gong et al.   
 
 
 
 
 
 
 
 
Figure 1.8: SEM micrographs of the TiO2 nanotubes synthesised by Gong 
et al [1.40]  
 
The finding above sparked vast interest among scientists in the DSC 
community, as this ordered form of TiO2 could provide the solution to the 
excessive interfacial recombination reactions at the TiO2/dye/electrolyte 
interface within the DSC.  However, as a result of the short nanotube lengths 
achievable at the time as well as difficulties in synthesis on TCO/glass 
substrates, this novel TiO2 architecture did not feature in a DSC until 2005 
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when the same group published their findings on the use of 6.2 µm long TiO2 
nanotubes in DSCs [1.41]. The performance of the resulting DSCs employing 
the arrays of nanotubes was quite satisfactory, with an overall efficiency of 
4.7% achieved for front-side illuminated DSCs and 4.4% for back-side 
illuminated DSCs.  
 
However, not much improvement in the cell efficiency of TiO2 nanotube 
based DSCs have since been reported. This may be attributed to the variable 
morphologies often obtained during the anodisation process, the low surface 
area of the nanotubes compared to a film of nanoparticles and the presence 
of a remnant Ti layer at the bottom of the TiO2 nanotubes, which prevents 
photon absorption from the working electrode side. Recently, the efficiency of 
front-side illuminated TiO2 nanotube based DSCs was improved to 5.36% 
after TiCl4 treatment of 20.0 µm thick TiO2 nanotube arrays, which were 
detached from the Ti foil substrate [1.42]. Also, Roy et al [1.43] reported a 
solar cell efficiency of 5.2% for DSCs using a layer of TiO2 nanotubes with 
well defined pore openings.     
 
Although these arrays of TiO2 nanotubes provide a vectorial and 
potentially rapid transport route (i.e. a high diffusion coefficient) for photo-
generated electrons to the TCO substrate, the nanotubes remain in contact 
with the holes in the electrolyte and thus the probability of recombination of 
electrons in the TiO2 nanotube conduction band with the 
-
3I ions persists. In 
order to distance the TiO2 from the electrolyte, some groups have shown that 
coating of nanoparticles with various metal-oxides with a higher conduction 
band edge than TiO2, e.g. niobium pentoxide (Nb2O5) [1.43], strontium titanate 
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(SrTiO3) [1.44], aluminium oxide (Al2O3) [1.45], etc., delays the recombination 
rates between the TiO2 and holes. Figure 1.9 shows the energy diagram of a 
TiO2 nanoparticle film coated with aluminium-oxide insulating layer, during 
which the Al2O3 coating delays reactions (3) and (5). DSC working electrodes 
of this nature are called core-shell electrodes, with the core consisting of the 
TiO2 nanoparticle, whereas the Al2O3 layer acts as a shell. Core-shell 
electrodes consisting of Al2O3-coated TiO2 nanoparticles have shown the 
most promise when incorporated in a DSC with enhancement in the cell 
efficiencies of up to 60% reported in comparison to DSCs with bare TiO2 
nanoparticle films [1.46].  
 
 
 
 
 
 
 
 
 
Figure 1.9: Illustration of the interfacial charge-transfer processes occurring 
at the nanostructured TiO2/dye/electrolyte interface of DSSC 
and the employment of a Al2O3 insulating layer to retard the 
recombination reactions between the electrons in the TiO2 
conduction band and holes present in the dye and electrolyte 
[1.45] 
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Aims and Outline  
 
 
The overall objective of this study is to develop a novel, previously 
unexplored Al2O3-coated TiO2 nanotube architectures for application in a 
DSC. To achieve this goal, the innovation of the core-shell approach, as 
described above, will be applied to an array of anodised TiO2 nanotubes. 
These novel architectures have the potential to (a) maintain vectorial electron 
transport through the TiO2 film and (b) separate the electrons in the TiO2 
conduction band from the holes in the liquid electrolyte during operation of the 
DSC. The individual tasks/milestones of the study are as follow:  
 
 Optimisation of a two-electrode anodisation set-up: A requirement of the 
traditional TiO2 nanoparticle film is that it should be porous while 
maintaining a high surface area upon incorporation in a DSC; with film 
thicknesses of between 10 and 20 µm and porosity of 66% usually 
employed [1.21]. Therefore the bulk of the experimental work during this 
study will be focused on having accurate control of the physical 
dimensions of the nanotubes during anodisation and thus fabrication of 
TiO2 nanotubes of length in excess of 15 µm, average nanotube 
diameter of 100 nm and wall thickness of 50 nm were aimed for. A major 
drawback of employing anodised TiO2 nanotubes in the DSC is the 
presence of a remnant Ti metal layer at the bottom of the nanotubes, 
which prevents light absorption from the working electrode side and 
often results in low efficiency devices.  
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 Synthesis of Al2O3-coated TiO2 nanotubes: During this stage of the 
study a simple sol-gel dip-coating process will be developed to coat the 
nanotubes with a thin layer of Al2O3 while maintaining the porosity of the 
nanotubes.    
 
 Manufacturing of front-side illuminated TiO2 nanotube DSCs:  This part 
of the study will focus on manufacturing solar cells with TiO2 nanotubes 
as the electron transport medium and comparing their performance with 
conventional cells employing films of TiO2 nanoparticles.  
 
  Manufacturing of front-side illuminated Al2O3-coated TiO2 nanotube 
DSCs: The final stage of the study involves monitoring the photovoltaic 
performance of the Al2O3-coated TiO2 nanotube solar cells with DSCs 
employing uncoated nanotubes, as well as uncoated TiO2 nanoparticles.  
 
The outline of this thesis is as follows:  
 
Chapter One summarised South Africa’s energy status and how 
photovoltaics, specifically DSCs, can help alleviate the strain on the country’s 
coal reserves. The chapter highlighted the history of the DSC, the potential 
application of these novel solar cells in small scale electronics and BIPVs, the 
working principle of the cell, the concerns around the low performance of 
these cells and strategies that can be employed to improve the efficiency of 
the DSC.   
 
Chapter Two will provide a description of the experimental techniques that 
were used in this study. More specifically the anodisation of Ti foil in fluoride-
based electrolytes will be covered in detail. The chapter will also discuss the 
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sol-gel dip-coating technique used to synthesise Al2O3-coated TiO2 
nanotubes, the laboratory manufacturing of the various DSCs as well as the 
analytical techniques used to characterise the fabricated materials and solar 
cells.    
 
Chapter Three will cover the results obtained from the anodisation process, in 
particular the morphology of the nanotubes, their crystallinity and optical 
properties.  
 
Chapter Four will discuss the application of the TiO2 nanotubes in the DSC, 
and the comparison of the photovoltaic performance of these cells to 
conventional DSCs with a film of nanoparticles as the charge transport 
medium.  
 
Chapter Five gives details on the results obtained from the synthesis of core-
shell Al2O3-coated TiO2 nanotubes during dip-coating of the anodised TiO2 
nanotube arrays in an Al2O3 sol-gel solution. The Chapter will also cover the 
application of these structures in the DSC and their photovoltaic performance 
will be compared to that of DSCs with uncoated nanotubes and uncoated TiO2 
nanoparticles. A final chapter will summarise the major findings of the study 
and provide details on possible future studies.  
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CHAPTER TWO  
Experimental Techniques 
 
 
In this chapter an overview will be given of the experimental route taken 
to synthesise Al2O3-coated TiO2 nanotubes and the construction of dye-solar 
cells (DSCs) incorporating both bare TiO2 nanotubes and Al2O3-coated 
nanotubes. Section 2.1 will give a broad background of the anodisation 
technique, its evolution towards the fabrication of TiO2 nanotubes and the 
growth model of these nanotube structures under specified experimental 
conditions. Section 2.2 will cover the sol-gel synthesis technique developed 
for the synthesis of Al2O3-containing sol-gel, which was then used to coat the 
nanotubes. This is followed by a discussion of the steps taken to manufacture 
lab-scale DSCs in Section 2.3.  
 
 
2.1 Electrochemical Anodisation  
 
 
2.1.1 Background 
 
 
Since its introduction in 1923 [2.1], the anodisation process has mainly 
been employed for the synthesis of porous films of aluminium oxides in highly 
concentrated sulphuric acid electrolytes; and compact oxide layers in the 
presence of neutral electrolytes [2.2 – 2.4]. During the late nineties 
anodisation of different valve metals, most notably zirconium (Zr) [2.5], 
niobium (Nb) [2.6], tungsten (W) [2.7] and titanium (Ti) [2.8, 2.9] in hydrofluoric 
and phosphoric electrolytes was attempted with the specific goal of 
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synthesising self-organised, porous metal-oxide structures. Of particular 
interest was the work published by Gong et al. in 2001 [2.8] on the formation 
of arrays of TiO2 nanotubes during anodisation of Ti foil in a fluoride-based 
electrolyte solution. TiO2 is a material with a host of almost unique properties, 
used for many years in various applications such as photo-catalysts [2.10], 
sensors for gas detection [2.11] and solar cells [2.12]; thus the work of [2.8] 
can be considered groundbreaking in the materials science of this important 
material.  
 
A typical two-electrode anodisation setup is shown in Figure 2.1. The set 
up comprises of an anode, which is the metal (M) under consideration (e.g. Al, 
Ti, Zr, etc.), whereas the cathode is typically a platinum (Pt) or nickel (Ni) plate 
or mesh grid. The two electrodes are connected to a voltage source and 
immersed in a liquid electrolyte. Depending on the anodisation conditions 
applied (e.g. applied voltage, electrolyte and temperature), a compact, porous, 
or tubular oxide layer can be synthesised [2.13]. The formation of the thick 
metal oxide (MO) layer on the metal surface at the anode involves a two step 
process as given by the following reactions,  
 -+20 2e+M→M              (2.1) 
                       ( ) MO→OHM→OHOH+M 2
-
2
+2                      (2.2) 
Typically growth occurs proportional to the applied potential with a growth 
factor, fg ~ 1 – 5 nm/V [2.14] up to a voltage where dielectric breakdown of the 
oxide occurs [2.15, 2.16]. The structure of the as grown oxide can be 
amorphous or crystalline dependent on the electrochemical parameters such 
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as the applied potential, the time of anodisation, or the sweep rate of the 
potential ramp [2.13].  
 
 
 
 
 
 
 
 
 
Figure 2.1: (a) Schematic of a simple set-up for anodisation experiments 
and (b) formation of self-organised TiO2 nanotubes during 
anodisation [2.13] 
 
 
2.1.2 Growth Model of TiO2 Nanotubes during Anodisation 
 
 
The anodic growth of compact titanium oxides on Ti surfaces and the 
formation of tubes in the presence of fluoride ion containing electrolytes are, in 
the simplest approach, governed by a competition between anodic oxide 
formation according to reaction (2.3)  
-+
22 4e+4H+TiO→O2H +  Ti             (2.3) 
and the chemical dissolution of the oxide as soluble fluoride complexes 
according to the reaction 
   
-2
6
-
2 ]TiF[→6F+TiO             (2.4). 
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Reaction (2.3) is depicted schematically in Figure 2.2 (a) in the presence of 
fluoride-free electrolytes. Oxidised Ti species react with O2- ions (from H2O) to 
form an oxide layer. Further oxide growth is controlled by field-aided ion 
transport (O2- and Ti4+ ions) through the growing oxide. As the system is under 
a constant applied voltage, the field within the oxide is progressively reduced by 
the increasing oxide thickness and thus the process is self-limiting. If the Ti4+ 
ions arriving at the oxide/electrolyte interface are not made soluble by 
complexation (reaction (2.4) above), a hydroxide layer will precipitate in most 
electrolytes [2.17].  
 
 
 
 
 
 
 
 
Figure 2.2: Ti anodisation in (a) absence of fluorides and (b) in presence of 
fluorides [2.13]  
 
In the presence of F- ions the situation becomes more complex as 
shown schematically in Figure 2.2 (b). This is mainly attributable to two effects 
of the F- ion: (i) its ability to form water-soluble [TiF6]
2- complexes according to 
reaction (2.4) and (ii) its small ionic radius that allows the F- ion to enter the 
growing TiO2 lattice and be transported through the oxide by the applied field; 
thus competing with O2- transport in the opposite direction as shown in Figure 
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2.2 (b). The complex formation ability leads to a permanent chemical etching 
(or dissolution) of the formed TiO2 layer and prevents Ti(OH)xOy precipitation 
as the Ti4+ ions arriving at the oxide/solution interface reacts with the incoming 
F- ions to form [TiF6]
2- complexes.  
 
Figure 2.3 shows a typical current-time graph of Ti anodisation in the 
absence (black graph) and in the presence (red graph) of fluoride ions.  Three 
stages of the growth process can readily be identified in the red graph. During 
stage I an exponential IR drop is observed caused by the formation the thick 
insulating TiO2 layer according to reaction (2.2). During stage II an increase in 
the current is observed where after a quasi-steady state is reached during 
stage III, which is markedly different from the anodisation process in fluoride 
free electrolytes (black curve).        
 
 
 
 
 
 
 
 
 
 
Figure 2.3: Characteristic current transients for Ti anodisation with and 
without fluorides in the electrolyte [2.13]  
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The current behaviour of the red curve in Figure 2.3 can be ascribed to 
different stages of the pore formation as illustrated in Figure 2.4. During stage I 
a compact oxide layer is formed on top of the Ti metal. Hereafter, during stage 
II the surface is locally activated and pores start to grow randomly. As a result 
of this pore formation the active area of the oxide layer increases and thus the 
current increases, as shown by the red curve of Figure 2.3. With time, the 
individual pores start interfering with each other and start competing for the 
available current, which leads to tree-like growth of the oxide layer and 
formation of the nanotube structure during stage III, as can be observed in 
Figure 2.4. These different stages of growth have been observed 
experimentally during scanning electron microscopy analyses of Ti foil after the 
individual stages of growth [2.17].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Evolution of the TiO2 morphology during different stages of 
growth during anodisation [2.13] 
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2.1.3 Experimental Procedure   
 
 
Figure 2.5 shows the anodisation set-up employed during this study and is 
based on a standard two-electrode set-up as previously reported [2.18].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Anodisation set-up employed to synthesise TiO2 nanotube arrays  
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A Xytron GPS-3030E direct current (DC) power supply (900 W maximum 
power output) is used to supply a DC voltage across the electrodes. For high 
voltages (i.e. greater than 30 V), a second power supply (Texio PS36-30, 1000 
W maximum power output) is connected in series to the Xytron power supply. A 
dataTaker® DT600 datalogger, interfaced with a computer, is used to record 
the changes in the current density at the anode. A magnetic hot-plate stirrer is 
employed to assist in the preparation of the electrolyte solution before-hand.     
 
For their use as anodes, Ti foil sheets of 25 µm thickness were cut into    
1 x 1.5 cm2 rectangles, rinsed with anhydrous ethanol, dried in a stream of 
nitrogen gas and finally cured at 80 ºC for 10 minutes. Once dry, a single Ti 
substrate was clipped onto a pair of crocodile clips and immersed in the 
electrolyte solution along with a 1 x 1.5 cm2 flag-shaped Pt grid; the Pt grid 
acted as the cathode during anodisation and the distance maintained between 
the two electrodes was approximately 1 cm. Hereafter the voltage was ramped 
to the desired value at a rate of approximately 1 V/s. Two different types of 
electrolyte solutions were used during this study. In the first instance an 
aqueous, low pH solution was used. The solution was prepared by dissolving 
0.15 M ammonium fluoride (NH4F) in phosphoric acid (H3PO4). The H3PO4 
concentration was kept constant and only the NH4F content varied. This mixture 
was then added to deionised water. The total volume of the solution was 200 ml 
and stirred rigorously using the magnetic stirrer hot-plate. The second 
electrolyte was a 200 ml solution consisting of NH4F dissolved in deionised H2O 
and added to ethylene glycol (EG);  the pH of this solution was neutral  at 
approximately 7.5. During this set of experiments, the H2O concentration was 
kept constant and the NH4F concentration varied. All chemicals used during this 
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study were of chemical grade and obtained from Merck (Pty) Ltd., South Africa.  
Table 2.1 summarises the different experimental parameters studied. The as-
synthesised nanotubes were amorphous and thus were annealed in a belt-
furnace at 450 ºC for 2 hours in air at atmospheric pressure.   
 
Table 2.1: Anodisation parameters studied  
                    Electrolyte 
Parameter       
NH4F + H3PO4 + H2O NH4F + H2O + EG 
Voltage (V) 5 – 30 5 – 60 
NH4F concentration (M) 0.15 – 1 0.15 – 1 
Time 8 seconds – 24 hours 8 seconds – 24 hours 
 
 
2.2 Sol-Gel Synthesis  
 
2.2.1 Background 
 
 
As will be shown in this work, one of the most technologically important 
aspects of sol-gel processing is its suitability for preparing thin films by common 
processes such as dipping, spinning or spraying (see part (a) of Figure 2.7). 
Compared to conventional thin film synthesis techniques such as chemical 
vapour deposition, thermal evaporation and sputtering, sol-gel film formation 
requires considerably less equipment and as such is more cost effective. In 
addition, sol-gel deposition allows for accurate control of the microstructure of 
the deposited film, which is absent in most cases during deposition via the other 
methods mentioned above [2.19].    
 
A suspension in which the dispersed phase is so small (1 ~ 1000 nm) that 
gravitational forces are negligible and interactions are dominated by short range 
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forces such as Van Der Waals forces and surface charges, is called a colloid. 
Based on this definition, a “sol” is considered a colloidal suspension of solid 
particles in a liquid [2.19]. Defining the term “gel” is bit more complicated and 
often disagreed upon. Henisch [2.20] defined a gel by describing it as a 
component system of a semi-solid nature, rich in liquid. However the term 
“semi-solid” in the definition is very ambiguous and spurred various debates on 
what qualifies as a gel and what not. The most comprehensive definition of a 
gel can be found in [2.19] and is interpreted as consisting of continuous solid 
(sols) and fluid phases of colloid dimensions. In the above definition, continuity 
implies that one could travel through the solid phase from one side of the 
sample to the other without having to enter the liquid; conversely one could 
make the same trip entirely within the liquid phase. Figure 2.6 schematically 
depicts the above – a line segment (P) originating in a pore and running 
perpendicularly into the nearest solid phase must re-emerge in another pore 
less than 1 µm away since both phases are of colloidal dimensions. Similarly, 
an arrow S passes from solid to solid in Figure 2.6. Gel formation (known as 
gelation) usually commences with the formation of fractal aggregates that grow 
until they begin to impose on one another, where after these clusters link 
according to the theory of percolation [2.19]. Hence, the term sol-gel refers to a 
suspension of gels consisting of colloidal solid and fluid phases.      
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Figure 2.6: Schematic illustration of gel formation [2.19] 
 
 
In 1930 a group from the Schott Company [2.21, 2.22] developed the first 
sol-gel process for the deposition of oxide layers on industrial glass using 
combinations of metal-containing precursors. Approximately thirty years later 
Shroeder [2.23] expanded the technique for the deposition of transparent 
coatings on glass surfaces in order to correct their refractive indices. The most 
significant work in this field, however, was realised a few years later when the 
Dislich group [2.24] reported on the synthesis of boron-silicate glass by heating 
baths of oxide powders obtained from a low-temperature sol-gel process. This 
work led to the first “International Conference on Glasses and Glass Ceramics 
obtained by Gel methods” in 1981 [2.25], which marked the advent of modern 
sol-gel science.  
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Of particular interest to this study is the coating of nanostructured 
materials, most notably nanoparticles with a thin layer of metal-oxide by means 
of sol-gel dip-coating; the so-called core-shell nanostructured materials [2.26]. 
Figure 2.7 shows the different steps involved in a simple sol-gel experiment and 
the different products obtainable after each step. As shown in Figure 2.7, the 
sol-gel technique produces two types of end products, namely (a) dense films 
or (b) dense ceramics. For the purpose of this study only a discussion on the 
synthesis of dense films via dip-coating (i.e. type (a) in Figure 2.7) will be 
discussed. The process can be categorised in three steps namely: (i) 
preparation of the precursor solution; (ii) deposition of the prepared sol on the 
substrate by dip-coating and (iii) heat treatment of the xerogel film. The term 
xerogel is given to the dried gel at ambient pressure, whereas the dried gel in 
supercritical conditions is referred to as an aerogel.  
 
 
2.2.2 Alumina Film Formation during Sol-Gel Dip-coating 
 
 
Aluminium is the second most abundant metal in the earth’s crust and 
exhibits only the trivalent state, Al(III) in compounds and in solution [2.27]. Of 
interest to this study is the evolution of hydrolysis chemistry towards the 
understanding of the hydrothermal digestion of Al(III) as the anionic species, 
[Al(OH)4]
- at high pH. This is important since aluminium hydroxides and oxo-
hydroxides are commonly used precursors for alumina gels, used during dip-
coating for the deposition of Al2O3 thin films [2.19].  
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Figure 2.7: Typical sol-gel experimental set-up for the synthesis of either 
dense films or ceramics [2.26]  
 
Al3+ has an ionic radius of 0.5 Å, a coordination number N = 6 and exists 
as the unhydrolised species [Al(OH2)6]
3+ below pH 3. With increasing pH, 
[Al(OH2)6]
3+ can be hydrolysed according to:  
 
               
+3+)h-3(
h-62h2
+3
62 OhH+])OH()OH(Al[→OhH+])[Al(OH                (2.5) 
                         OhH2→hOH+OhH 2
-+
3                                               (2.6) 
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where h is the molar ratio of hydrolysis, equivalent to the ratio of OH to Al 
according to the net reaction, i.e. equation (2.5) + equation (2.6) [2.19]. 
Subsequent condensation yields metastable polynuclear hydroxides or oxo-
hydroxides in the form of bayerite (α-Al(OH)3) precipitates,  as shown in Figure 
2.8 [2.28]. These metastable precipitates can form and redissolve slowly and 
the species distribution is very sensitive to the precise conditions during 
hydrolysis, such as the time-temperature history and the method of base 
addition [2.27].   
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: Pressure-temperature phase diagram of the Al2O3-H2O binary 
system [2.28] 
 
Above h = 2.46 in (2.5) rapid precipitation of highly condensed, 
amorphous or weakly crystalline phases occurs. The most common crystalline 
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phase is pseudoboehmite (or gelatinous boehmite) as shown by the x-ray 
diffraction (XRD) patterns of Figure 2.9 [2.28].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: XRD patterns of an aluminium hydroxide gel as a function of 
aging time at pH 9 and 300K [2.28] 
 
 
The XRD pattern of pseudo-boehmite shows broad diffraction peaks that 
coincide with the major reflections of highly crystalline boehmite, γ-AlO(OH), but 
are shifted as result of water intercalation or association. The degree of 
crystallinity, crystallite size and chemical composition of gelatinous aluminas 
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depend critically on the temperature, rate of precipitation, final pH, 
concentration of precursor solutions and time of ageing [2.19]. As shown in 
Figure 2.9 both amorphous and pseudo-crystalline phases transform into 
bayerite with time. During this study, however, the alumina gels are transformed 
into corundum alumina (α-Al2O3) by means of sintering of the sol-gel coated film 
at 450 ºC for 30 minutes at atmospheric pressure, as will be explained in detail 
below.  
 
 
2.2.3 Experimental Procedure 
 
 
This study employed a slightly modified version of the commonly used 
Yoldas process [2.29] for the synthesis of α-Al2O3 layers on the anodised TiO2 
nanotubes and nanoparticle films, shown schematically in Figure 2.10. The 
process involves hydrolysing an aluminium alkoxide, namely aluminium 
butoxide (Al(BusO)3) in water at a temperature between 80 and 100 ºC, 
resulting in the precipitation of fibrillar boehmite. The next step in the synthesis 
process is peptisation with a mineral acid such as HNO3 or HCl to form a stable 
particulate sol. This is followed by evaporation of the solvent and extraction of 
the butanol phases in a repetitive fashion until all unwanted phases are 
removed. Gelation is then achieved by heating of the sol, followed finally by 
calcination to form the stable corundum Al2O3 phase.        
 
The Yoldas process was slightly adapted in that  isopropanol was used as 
the solvent during the hydrolysis phase of Figure 2.10, which allowed for a 
lower hydrolysis temperature of 60 ºC in accordance with the work done by 
Palomares et al. [2.30]. Analytical grade aluminium tri sec-butoxide, Al(BuO)3 
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was dissolved in 50 ml isopropanol under slow magnetic agitation in a dry 
nitogren ambient at 60 ºC. No ether extraction was performed on the prepared 
alumina sol since the solution was used as a dipping solution. Experiments 
were conducted as a function of Al(BuO)3 concentration, dipping time and 
temperature and repeated dipping/sintering cycles. However, the overlayer 
growth was found to be independent of the dipping time or temperature, but 
dependent on precursor concentration and the number of dipping/sintering 
cycles; one dipping/sintering cycle comprised of dipping the TiO2 film in the 
alumina sol for 30 seconds followed by sintering at 430 ºC for  30 minutes in air 
at atmospheric pressure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10: Flow chart of the Yoldas process used during this study for the 
synthesis of alumina [2.29] 
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Figure 2.11 shows images of the TiO2 nanoparticle film coated under 
different experimental conditions. The film was dip-coated in the alumina sol for 
0.05, 0.1, 0.5 and 1 M Al(BuO)3 as shown by samples (1) to (4) in Figure 2.11. 
Samples (5) to (8) were treated for 1, 2, 3 and 4 dipping/sintering cycles, 
respectively. As can be seen, an Al(BuO)3 precursor concentration of 1M yields 
the most uniform film, whereas a single dipping/sintering cycle results in a TiO2 
film exhibiting no cracks in its morphology.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11: Images of the TiO2 nanoparticle film coated with Al2O3 using an 
alumina sol consisting of (1) 0.05, (2) 0.1, (3) 0.5 and 1M 
Al(BuO)3 as the precursor; and subjecting the TiO2 film to (4) 1, 
(5) 2, (6) 3, (7) 4 and (8) 5 dipping/sintering cycles    
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2.3 Dye-Sensitised Solar Cell Manufacturing 
 
 
DSCs employing both TiO2 nanoparticle and nanotube films as the 
electron transport medium were fabricated and investigated in this study. The 
Al2O3 layers were coated onto both the TiO2 nanoparticle and nanotube films. 
Figure 2.12 shows a schematic representation of a TiO2 nanoparticle based 
DSC that was manufactured in this study.  
 
 
 
Figure 2.12: Schematic representation of the structure of a DSC with a TiO2 
nanoparticle film as the electron transport medium, as fabricated 
in this study 
 
The TiO2 nanoparticle films were prepared by doctor-blading [2.31] an even 
spread of a screen-printable TiO2 paste, synthesised according to the method 
proposed in [2.32] onto 2 x 1.5 cm2 fluorine doped tin-oxide (FTO)/glass 
substrates covered by a TiO2 “blocking layer”. The glass/FTO substrates were 
framed off with acrylic tape (3M magic tape) which exposed an active area of    
9 x 5 mm2. The blocking layer was prepared by dissolving 7.5 wt% titanium-
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butoxide in 1-butanol, followed by magnetic stirring for 10 minutes. The solution 
was then spin-coated onto the glass/FTO substrate at 2000 rpm for 1 minute, 
succeeded by annealing at 500 ºC for 20 minutes at ambient conditions. After 
removing the tape, the TiO2 nanoparticle/TiO2 blocking layer/FTO/glass 
samples were sintered in a belt furnace for 25 minutes at 450 ºC, under 
atmospheric pressure. The TiO2 working electrode was then coated with Al2O3 
as described in Section 2.2.3 above. N719 dye solution was used as the light 
sensitiser. The solution consisted of 0.5 mM N719 dye powder (Solaronix, 
Switzerland) dissolved in anhydrous ethanol, magnetically stirred for 10 minutes 
and finally ultra-sonicated for 2 minutes. Both coated and bare TiO2 films were 
soaked in the dye by placing the working electrodes in the dye solution 
overnight. Hereafter the electrodes are removed, rinsed with anhydrous 
ethanol, air dried for 1 minute and finally further dried in a stream of N2 gas.   
 
The counter electrode of the cell consisted of a FTO substrate coated with 
a thin layer of Pt. The Pt was deposited by doctor-blading a commercial Pt 
paste (Solaronix, Switzerland) onto the FTO covered glass substrate, followed 
by annealing at 500 ºC for 10 minutes in air at atmospheric pressure. The two 
electrodes were then sealed by means of a hot-press, using 25 µm thick 
Surlyn® adhesive polymer at 100ºC and a pressure of 1.5 bar. The electrolyte, 
which contains a commercially bought I-/I3
- redox couple, was then injected into 
the cell, where after the cell was sealed with the Surlyn®. Solar cells with an 
effective area of 0.45 cm2 and dimensions allowing for efficient charge 
collection at the device contacts, as reported by Lee et al [2.33], were 
fabricated.     
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The structure of DSCs comprising of TiO2 nanotubes as the electron 
carrier is shown in Figure 2.13 [2.12]. The nanotube films were synthesised as 
described in Section 2.1.3. The same procedure as was followed to coat a film 
of nanoparticles was then used to coat the nanotubes with a thin layer of Al2O3. 
The coated nanotube layer was then cut into 9 x 5 mm2 rectangles and placed 
on a  FTO covered glass support coated with a blocking layer. The Al2O3 
coated and bare TiO2 nanotube films were then soaked overnight in the N719 
dye solution and dried in the same manner as with the nanoparticles. This was 
proceeded with sealing of the cell and electrolyte injection as described above.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13: Schematic representation of the structure of a DSC with a TiO2 
nanotube film as the electron transport medium [2.12] 
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CHAPTER THREE  
Analytical Techniques 
 
 
This chapter will discuss the analytical techniques used to characterise 
the synthesised nanomaterials, dye-sensitised working electrodes and the 
manufactured solar cells. In particular, the fundamental physics underlying the 
different techniques will be addressed. Characterisation of the working 
electrode structure, namely the morphology, topography and crystallinity will 
be discussed in section 3.1. Section 3.2 will report on the various techniques 
used to characterise the optical properties of the TiO2 nanostructured films, 
whereas section 3.3 will discuss the characterisation of the fabricated dye-
sensitised solar cells.   
 
 
3.1 Structural Characterisation of the TiO2 Working 
Electrode  
 
 
3.1.1 Scanning and Focused Ion Beam Electron Microscopy 
 
 
Field emission scanning electron microscopy (FE-SEM) was used to 
investigate the morphology and fine structure of the TiO2 films. FE-SEM differs 
from conventional SEM in that the primary electrons are produced with an 
electric field during FE-SEM, whereas a filament is heated during conventional 
SEM. At the heart of an FE-SEM instrument is an extremely thin and sharp 
mono-crystalline tungsten crystal (tip radius between 10 and 100 nm) that 
produces a coherent electron beam about 1000 times smaller than in 
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conventional SEM. This smaller electron beam diameter yields greater 
resolution than that obtainable in conventional SEM microscopes, with 
resolutions as low as 1nm reported. The crystal functions as a cathode in front 
of the primary and secondary anodes. The voltage generated between the 
cathode and anode range between 0.5 and 30 kV under a high vacuum in the 
order of 10-7 to 10-9 mbar [3.1, 3.2].   
 
The electrons emitted from the crystal, called primary electrons, are 
focused and deflected by electromagnetic lenses and coils to produce an 
extremely narrow beam, which is focused at the sample object. As the beam 
irradiates the sample, secondary electrons are emitted from each atom of the 
sample exposed to the beam. At the same time the primary electrons are either 
scattered or back reflected. A detector then records the secondary electrons, 
while a different detector detects the back-scattered primary electrons. The 
collected electrons are then amplified and converted into a digital image by a 
digital camera system connected to the different detectors. By scanning the 
electron beam across the sample surface, a topographical representation of the 
sample surface is obtained and viewed in real time on a computer screen of a 
desktop computer connected to the digital camera system [3.2]. Figure 3.1 
shows a typical electron column of a scanning electron microscope.  
 
A JEOL JSM 7500F FE-SEM was used in this study to investigate the 
structure of the TiO2 nanotube films. The microscope was operated at electron 
beam energies between 1 and 10 keV. The cross-section of the nanotubes was 
viewed by bending the flexible anodised Ti foil in order to crack the intact film. 
However, cracking of the as-synthesised Ti foil before FE-SEM analyses does 
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not give an accurate indication of the length of the nanotube layer as this 
process often leads to damage of the TiO2 film. Hence focused ion beam SEM 
(FIB-SEM) analysis was performed to determine whether the Ti foil substrate 
was completely consumed during the anodisation process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Schematic representation of the components of a SEM electron  
column [3.2] 
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Fundamentally, a focused ion beam system produces and directs a 
stream of high-energy ionised atoms of a relatively massive element, focusing 
them onto the sample both for the purpose of etching or milling the surface and 
as a method of imaging [3.3]. The ions’ greater mass allows them to easily 
expel surface atoms from their positions and produces secondary electrons 
from the surface, allowing the ion beam to image the sample before, during, 
and after the lithography process. The ion beam has a number of other uses,  
such as the deposition of material from a gaseous layer above the sample.  
 
Modern FIB systems utilises a liquid-metal ion source at the top of its 
column to produce ions, usually Ga+. The ions are emitted and focused into a 
beam by an electric field and subsequently pass through apertures and  
scanned over the sample surface. The ion–atom collision is either elastic or 
inelastic. Whereas elastic collisions result in the excavation of surface atoms, a 
technique called sputtering or milling, inelastic collisions  transfer some of the 
ion energy to either surface atoms or electrons, resulting in the emission of 
secondary electrons. Secondary ions are also emitted from the surface 
following the secondary electrons. Figure 3.2 shows the configuration of a 
typical two-beam FIB-SEM system [3.3].    
 
A Zeiss Auriga Cobra FIB FE-SEM was utilised in this work. The sample 
was prepared by tilting the Ti foil at a 54º angle to the in-lens detector of the 
instrument, where after a layer of Pt was deposited onto the region of interest in 
order to protect the nanotube film during subsequent milling. An area of 10 x 20 
µm2 and up to 20 µm deep was then milled, which revealed the morphology of 
the intact nanotube layer. 
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Figure 3.2: Schematic diagram of a typical two beam FIB-SEM [3.3] 
 
 
3.1.2 Transmission Electron Microscopy  
 
 
Transmission electron microscopy (TEM) was used to study the internal 
structure of the nanotubes and nanoparticles. This technique differs in 
principality from SEM in that the primary electron beam is transmitted through 
the specimen instead of being backscattered or knocking out secondary 
electrons in the specimen sample. By increasing the accelerating potential of 
the electrons to 50 kV, the electron wavelength shrinks to about 5 pm in 
accordance with De Broglie’s relationship [3.4] and such higher-energy 
electrons can penetrate distances of several microns (µm) into a solid. If the 
solid is crystalline, the electrons are diffracted by atomic planes inside the 
material, yielding a transmission electron diffraction pattern. As a result of the 
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very small wavelength of the transmitted electrons, the specimen can be 
imaged at a spatial resolution much higher than is the case in a SEM [3.5, 3.6]. 
Modern TEMs are operated between 100 and 300 kV achieving spectral 
resolutions of 0.1 nm (one Angstrom) with regularity.  
 
Image formation during TEM can be considered as occurring in two 
stages. Incident electrons undergo interactions with atoms of the specimen, 
resulting in elastic and inelastic scattering processes. The electron 
wavefunction which leaves the exit surface of the specimen is transmitted 
through the objective lens and subsequent intermediate lenses of the electron 
microscope to form the final enlarged image as shown in the ray diagram of 
Figure 3.3. Elastically scattered electrons contribute to the high resolution TEM 
image, whereas the inelastically scattered electrons are detected and recorded 
to yield valuable elemental information about the specimen during electron 
energy loss spectroscopy [3.5, 3.7].  
 
A JEOL JEM-2100 HR-TEM, operated at 200 kV was employed to 
examine the internal structure of the samples. TEM samples were prepared 
dispersing the as-synthesised working electrode material in ethanol, followed by 
ultra-sonication for 5 minutes, where after a drop is placed on a holey-carbon 
copper grid and dried at ambient conditions.  
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Figure 3.3: Thin-lens ray diagram of the imaging system of a TEM [3.5] 
 
 
3.1.3 Atomic Force Microscopy 
 
 
The working electrode surface topology and roughness were 
characterised by means of atomic force microscopy (AFM). The AFM was 
developed in the eighties primarily for nonconducting solid surfaces, but has 
since been developed for analyses on both conducting and non-conducting 
surfaces. The biggest advantage of AFM is that most samples can be 
investigated in their natural state, which is otherwise impossible by electron 
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microscopy methods. Figure 3.4 shows a diagram of the operating principle of a 
typical AFM setup. A cantilever scans the solid surface and the deflection of the 
cantilever is detected by the reflection of a laser beam as shown in Figure 3.4 
[3.6].  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: Operating principle of an atomic force microscope [3.6] 
 
AFM is based on the existence of a separation-dependency force 
between any two bodies. More specifically, the force between the tip of the 
cantilever and the surface bound atoms of the substrate (or specimen) is of 
importance in AFM. Typically, pyramidal silicon nitride tips are used, which 
have a radius of curvature on the order of 100 Å. The force is detected by 
placing the tip on a flexible cantilever that deflects proportionally to the exerted 
force. The deflection is then measured by some convenient procedure, such as 
laser reflection. In general, the AFM is operated under constant-force mode, 
 
 
 
 
CHAPTER THREE: Analytical Techniques 
 59 
with forces typically in the range 0.5 to 0.1 nN. Both repulsive and attraction 
forces can be measured by the tip.  
 
If the distance between the tip and the sample, rd, is small, the force, Fr , is 
expressed as follows: 
7
d
13
d
R r
6D
-
r
B12
=F
             (3.1)
 
where B and D are constant depending upon the substrate and the tip. For 
small separation distances, the first term (repulsive) will dominate. The 
resolution is best when the tip is in contact with the substrate, due to the rapid 
decay of the repulsive force term. The force curve starts at a point where the 
different forces between the tip and sample are negligible and the cantilever is 
not deflected. When the tip “touches” the sample, this region is called the non-
contact region. The tip is oscillating (also called AC mode or tapping mode) in 
the attractive force region, sensing the force without actually touching the 
substrate. After contact between the sample and the tip, the deflection of the 
cantilever follows the movement of the sample and this is called the contact 
region. In the non-contact mode, the net force detected is the attractive force 
between the tip and the substrate. On the other hand, in the contact mode, the 
net force measured is the sum of the attractive and repulsive forces [3.7, 3.8]. 
In this work, AFM images of the DSC working electrodes were acquired using a 
Veeco NanoScope 124 IV Multi-Mode AFM, operated in tapping mode.  
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3.1.4 X-Ray Diffraction 
 
 
3.1.4.1  Basic Theory of X-Ray Diffraction 
 
 
X-rays are electromagnetic radiation similar to light, but with much smaller 
wavelength and are produced when a fast moving electron is rapidly slowed 
down. Diffraction is a phenomenon that occurs when waves interfere with a 
structure whose repeat distance is about the same as that of the incident 
wavelength. Upon interaction constructive and destructive interference patterns 
result due to the scattering of the incoming wave fronts by the structure. The 
wavelength range of x-rays is about the same as that of the interatomic spacing 
found in three-dimensional crystalline structures. This implies that x-rays can be 
diffracted by these crystalline structures, with each atom in the crystalline 
structure serving as a scattering centre for the incoming wave fronts. This 
phenomenon is known as x-ray diffraction (XRD) and can be used as a tool for 
the investigation of the fine, crystalline structure of matter [3.9].  In this study, 
XRD was used to investigate the crystallinity of the TiO2 films of the working 
electrode of the DSC.  
 
In Figure 3.5 a monochromatic beam of parallel x-rays, O and O’, strikes a 
stack of planes (h k l) spaced a distance d apart at an angle θ. Each plane 
consists of a series of equally spaced atoms, each of which is capable of 
scattering the incident radiation. The scattered rays P and P’, resulting from the 
interaction of the incident beam with the atoms of the parallel planes, will 
recombine to form a diffracted beam if and only if their path difference is an 
integer multiple of wavelengths, i.e. 
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 CA +AD = dsinθ + dsinθ = nλ            (3.2) 
or     
2dsinθ = nλ                         (3.3) 
where  n  = integer multiple (order of diffraction)  
  λ = wavelength of the radiation 
  d = interplanar spacing  
  θ = incident angle (Bragg angle) 
Equation (3.3) is better known as Bragg’s law for diffraction and gives the 
angle θ, at which a set of planes (h k l) of spacing d constructively reflects x-
rays of wavelength λ in the nth order [3.10].   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: Conditions for Bragg’s law [3.9, 3.10] 
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3.1.4.2  Scherrer Formulation for Determination of Crystallite Size 
 
 
An important analytical tool of XRD is the ability to determine the crystal 
size of small crystallites, by analysing the width and intensity of a diffracted x-
ray peak. Bragg’s law of (3.3) is based on the assumption that the incident-ray 
beam is composed of perfectly monochromatic and parallel radiation, which is 
rarely the case in reality. Consider Figure 3.6. Suppose that the crystal has a 
thickness, t, measured in a direction perpendicular to a particular set of 
reflecting planes. Let there be (m + 1) planes in this set. In this case the Bragg 
angle of (3.3) will be considered a variable θB, which exactly satisfies (3.3) for 
the particular values of λ and d involved. That is:  
2dsinθB = nλ.              (3.4) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: Effects of crystal size on diffraction [3.10] 
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In Figure 3.6 rays A, D,..., M are incident at the angle θB to the reflecting 
planes 0, 1,..., m. Ray D', scattered by the first plane below the surface, is 
therefore one wavelength out of phase with A'; and ray M', scattered by the mth 
plane below the surface, is m wavelengths out of phase with A'. Therefore, at a 
diffraction angle, 2θB rays A', D',..., M' are completely in phase and unite to 
form a diffracted of maximum amplitude, i.e. a beam of maximum intensity, 
since the intensity is proportional to the square of the amplitude. 
 
However, when one considers incident x-rays incident at angles slightly 
different from θB, it is found that destructive interference is not complete. For 
example, in Figure 3.6, ray B makes a slightly larger angle θ1, such that ray L' 
from the mth plane below the surface is (m + 1) wavelengths out of phase with 
B'. This implies that midway in the crystal there is a plane that scatters a ray 
which is half a wavelength out of phase with ray B'. Subsequently, these planes 
cancel each other out and so do the other rays from similar pairs of planes 
throughout the crystal. The net effect is that rays scattered by the top half of the 
crystal annul those scattered by the bottom half. The intensity of the beam 
diffracted at an angle 2θ1 is therefore zero. It is also zero at an angle 2θ2 where 
θ2 is such that ray N' from the m
th plane below the surface is (m – 1) 
wavelengths out of phase with ray C' from the surface plane. 
 
It follows that the diffracted intensity at angles near 2θB, but not greater 
than 2θ1 or less than 2θ2, is not zero but has a value intermediate between zero 
and the maximum intensity of the beam diffracted at an angle 2θB. Figure 3.7 
shows this relationship between the diffracted intensity and 2θB and compares it 
to the ideal diffraction condition implied by Bragg’s law.  
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Figure 3.7: Effect of crystal size on the diffraction curve under (a) real 
conditions and (b) ideal Bragg conditions [3.10] 
 
The width of the diffraction curve of Figure 3.7 (a) increases as the 
thickness of the crystal decreases. The width B is usually measured, in radians, 
at an intensity equal to half the maximum intensity. As a rough measure of B, 
one can take half the difference between the two extreme angles at which the 
intensity is zero, i.e.:  
   B  
1
2
(2θ1  2θ2)  θ1  θ2    
The path difference requirements from Bragg’s law for these two angles implies 
that  
λ)1+m(=θsint2 1     
 
λ)1-m(=θsint2 2  
Subtraction gives  
λ=)θsin - θ(sint 21   
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or  
   λ=)
2
θ-θ
sin()
2
θ+θ
cos(t2
2121
 
However, θ1 and θ2 are both very close to θB, such that θ1 + θ2 = 2θB. Also 
2
θ-θ
=)
2
θ-θ
sin(
2121
 for small angles of θ1 and θ2. Thus  
λ=θcos)
2
θ-θ
(t2 B
21
 
or with a more thorough treatment 
   
BθcosB
λ9.0
=t
.               (3.5) 
Equation (3.5) is known as the Scherrer formula and gives an estimate of the 
particle size of very small crystals from the measured width of their diffraction 
curves.  
 
 
3.1.4.3  Instrumentation  
 
 
X-ray diffraction patterns are recorded with an x-ray diffractometer as 
shown in Figure 3.8 and consists of three basic parts: 
 An x-ray source (S and T in Figure 3.8) 
 The diffractometer circle and  
 A detector system (G and E). 
The detector (G) is placed on the circumference of a circle centred at the 
specimen stage, C. The specimen is supported on a table H, which can rotate 
about an axis, O, perpendicular to this page. X-rays diverge from the source at 
S and are diffracted by the specimen at C to form a convergent diffracted beam, 
which focuses at the slit F before entering the detector at G, supported on a 
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carriage, E. The carriage also rotates about the axis O and has an angular 
position 2θ. The supports H and E are mechanically locked in a θ-2θ 
relationship. A and B are special slits that define and collimate the incident and 
diffracted beams. A filter is placed in the diffracted beam-path to suppress the 
Kβ radiation and to decrease the background radiation originating in the 
specimen. In this work the XRD spectra were recorded with a PANalytical 
X’Pert Pro diffractometer, operated at 45 kV and 40 mA at the source. Copper, 
Kα1 radiation with a wavelength of 1.5406 Å was used as the x-ray source. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: X-ray diffractometer [3.10] 
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3.2 Optical Characterisation of the TiO2 Working 
Electrode  
 
 
3.2.1 Raman Spectroscopy 
 
 
3.2.1.1 Basic Theory of Raman Spectroscopy 
 
 
Scattered radiation is released when the light wave, which can be 
considered as an oscillating dipole, transfers its energy to the molecule, 
subsequently distorting (polarising) the electrons around the nuclei of the 
molecule causing it to go to a higher energy state. This interaction can be 
considered as the formation of a ‘complex’ between the light energy and the 
electrons in which the nuclei of the molecule do not have enough time to move 
appreciably. This complex is not stable, resulting in the light being released 
almost immediately as scattered radiation [3.11].  
 
Two types of scattering exist. The most intense form is Rayleigh 
scattering, which occurs when the electron cloud relaxes without any nuclear 
movement. This process is essentially elastic since no appreciable change in 
energy of the molecule. On the other hand, Raman scattering, which is a much 
rarer event, occurs when the light and the electrons interact and the nuclei 
begin to move at the same time. Since the nuclei are much heavier than the 
electrons, there is an appreciable change in energy of the molecule to a lower 
or higher energy. This depends on whether the electron was initially in the 
ground state or in a vibrationally excited state; when the molecule is initially in 
the ground state the process is known as Stokes scattering, whereas when the 
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molecule starts off in an excited state, anti-Stokes scattering occurs. Figure 3.9 
shows these two scattering processes compared to Rayleigh scattering.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9: Diagram of the Rayleigh and Raman scattering processes [3.11] 
 
 
3.2.1.2 Size Dependent Optical Properties of Nanomaterials  
 
 
Surface atoms in materials behave differently from those in the bulk of 
the material. Figure 3.10 shows that a surface atom at position A has fewer 
neighbouring atoms than a bulk atom at position B in the material. As a result 
there atom A contains “unshared” electrons, whereas the electrons of atom B 
are fully bonded. The unshared atoms of atom B in Figure 3.10 are known as 
dangling bonds and the main reason behind the differing mechanical, 
vibrational, electronic and consequently, optical properties of surface atoms to 
that of atoms in the material bulk [3.12]. 
 
Vibrational states 
Anti-Stokes Rayleigh Stokes  
Virtual   states       
n 
m 
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Figure 3.10: Schematic illustration of the difference between surface and bulk 
atoms. In 2 dimensions surface atoms are each surrounded by a 
3 other atoms whereas the inner (bulk) atoms are surrounded by 
6 atoms [3.12] 
 
The proportion of surface atoms to those in the bulk material, i.e. 
Nsurf/Nbulk can be represented by the ratio, σsurf, which essentially represents the 
surface area to volume ratio of the material. An isolated atom can be classified 
as a surface atom since it contains no surrounding neighbouring atoms. As the 
number of atoms aggregate the number of bulk atoms increase (i.e. Nbulk) and 
consequently σsurf decreases. The expressions for σsurf for the most commonly 
found shapes that materials can adopt are illustrated in Figure 3.11. It can be 
seen that as the dimensions of the structure decrease, the value of σsurf 
increases very rapidly. 
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Figure 3.11: The surface to volume ratio of the most commonly found 
structures [3.12] 
 
It became apparent in the eighties that the Raman lineshapes for micro-
crystals did not follow the perfect Gaussian profile as predicted by Stokes. 
Hence there was a need for deeper understanding of the origin of this 
asymmetry. Spatial correlation modelling, as it was called, became one way to 
extract information from Raman spectroscopy data. The justification is that, for 
a perfect (bulk) crystal of diameter d having vibrational modes of momentum q, 
the Heisenberg’s uncertainty principle (δd. δq ~ h) means that as  δd → ∞ 
(bulk) then δq → 0 (the “q = 0” selection rule applies). Conversely, as the 
diameter    δd → 0 (nano-metric) then the vibrational momentum δq → ∞.  In 
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this case, the “q = 0” selection rule breaks down, since a contribution from the q 
≠ 0 phonons, determined by the dispersion relation ω(q) is allowed. This 
accounts for the asymmetric line broadening of the peaks in a Raman 
spectrum. Richter et al. [3.13] developed what is commonly referred to as the 
phonon confinement (PC) model for nanosized crystals in the late seventies 
and published their results in 1981. This model was later developed to include 
the Gaussian distribution of the phonon momenta and particle size by Fauchet 
and Campbell [3.14] and is given by 
 
( )
( ) ( ) qd2/Γ+)q(ω - ω
)q,0(c
 A= ωI 32
0
2
0
2
-
0 ∫
∞
∞
            (3.6) 
 
In equation (3.6), Γ0 is the full-width at half-maximum (FWHM) of the 
Raman peak for the bulk material, ω(q) is the phonon dispersion curve relation 
(PDR) for the material and A0 is a coefficient dependent on the material.  The 
Richter model is valid for spherical nano-crystals of mean diameter d for which 
the Fourier coefficient c(0,q) was assumed to be Gaussian of the form             
exp(-q2d2/14π2) with a phonon amplitude at the boundary of 1/e. Campbell & 
Faucet modified the Richter model to (1) remove the non-physical boundary 
condition of 1/e and (2) tried other values to check the effect of other particle-
size distribution functions. It was found that in general for spherical particles, 
the function c(0,q) can be written as 
)
α2
dq
exp
α)π2(16
d
=q)c(0,
22
32
6
2
(             (3.7) 
where d is the crystallite size, q is the wave vector and α is a constant. Balaji et 
al. [3.15] used values of α = 8π2, Г0 = 7.5 cm
-1 and ω0 = 142.5 cm
-1 in their 
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studies on PC in nano-crystalline anatase TiO2 thin films. In order to evaluate 
the effect of the TiO2 crystallite size on the dispersion and ultimately the 
confinement of the phonon modes in the material, the Balaji group employed a 
modified version of the weighted average of phonon dispersions proposed by 
Ivanda et al. [3.16], given as  
   )
x
πq
(sinΔ+ω =)q(ω 2 0              (3.8) 
with ω0 = 142.5 cm
-1, Δ = 164 cm-1 and x = 1.51779 was employed. The values 
of Δ and x determine the amount of dispersion in )q(ω .   
 
Red-shift in the Raman spectral line owing to the particle size has been 
well observed by Zi et al. [3.17] in Si nanocrystals of spherical and columnar 
shapes with sizes from 5 nm down to 1 nm. Red-shifts up to 30 cm-1 have been 
reported for nanocrystals of diameter of 1 nm. The PC model of equation (3.6) 
failed to explain the Zi et al. data on Si nanocrystals. Therefore they used what 
is known as the bond polarizability model (BPM) [3.18, 3.19] to derive another 
confinement model given by 
   ( )β 0vib a/dA-ω =)d(ω              (3.9) 
where d is the particle size, ωvib is the new peak position due to particle size, ω0 
is the original peak position, A and β are constants that are attributes of the 
geometry of nano-crystal and a is a parameter determined by fitting of equation 
(3.9) to experimental data. According to Zi et al., for spherical Si nano-crystals 
A = 44.41 cm-1 and β = 1.44 whereas for columnar shapes one has A = 20.92 
cm-1 and β = 1.08. 
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3.2.1.3 Phonon Confinement in TiO2 Nanotubes 
 
 
Not a lot of literature report on the size dependent optical properties of 
novel anodised TiO2 nanotubes. This is a crucial gap, since TiO2 is almost 
extensively used in DSCs because of its unique photo-electrochemical 
properties. In the case of TiO2 nanoparticles and thin films it is well reported 
that a decrease in the diameter of the crystallites results in enhanced quantum 
confinement. Subsequently, these confinement effects alter the measured 
optical properties, especially the bandgap of the material [3.15, 3.20 – 3.24]. 
This level of detail is not reported for TiO2 nanotubes synthesised via 
anodisation.  
 
On the few publications that indeed report on PC in TiO2 nanotubes, Lai 
et al. [3.25] observed a blue shift in the absorption edge of the ultraviolet-visible 
(UV-vis) absorption spectra as the diameter of the TiO2 nanotubes decreased. 
These observations were attributed to quantum confinement effects, caused by 
the decrease in nanotube diameter. However a thorough explanation is not 
provided. Mor et al. [3.26] reported an absorption coefficient of 2.303 for a 
nanotube film of thickness 340 nm on a glass substrate and an average 
refractive index of 1.66 in the visible range. In addition, a porosity of 66.5% and 
an increase in the bandgap to 3.34 eV were obtained for these purely anatase 
structures. These findings were also attributed to quantum confinement induced 
by the 12 nm wall thickness of the nanotube film. Yet, a thorough treatment of 
the problem was not pursued. Further studies by Ge et al. [3.27] also revealed 
a blue shift in the fundamental UV-Vis absorption edge with decreasing inner 
diameter of anodised TiO2 nanotubes and the results were ascribed to the 
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effects of quantum confinement. However, the presence of both rutile and 
anatase crystallites was also provided as a possible reason for the decrease in 
the absorption edge, which contradicts their notion of quantum confinement.  
 
These findings show the uncertainty that exists in quantifying the 
structure-related optical properties of these porous nanotube structures. 
Contrary to nanoparticles, the complex morphology of anodised TiO2 
nanotubes has proved to be more difficult to investigate and currently pose as 
the biggest reason for the varying results on the optical properties, as 
presented above.  
 
 
3.2.1.4 Photoluminescence Spectroscopy 
 
 
During photoluminescence spectrosctopy (PL) atoms emit light by 
spontaneous emission when electrons in excited states drop down to a lower 
level by radiative transitions. As a result PL spectroscopy has proved to be an 
important technique in the characterisation of the optical energy bands of 
materials and the study of surface states, donor/acceptor states and structure-
induced trapping states present within the band gap of materials. Furthermore, 
it is also well known that PL spectra are greatly affected by changes in size of 
nanomaterials. Hence this technique proves to be an invaluable tool during 
phonon confinement studies of nanomaterials, and was made use of in this 
study. A Horiba Jobin-Yvon iHR 320 Nanolog, equipped with a Symphony® 
cryogenic detector for high spectral resolution was employed to record the PL 
spectra, with an excitation wavelength of 325 nm at room temperature 
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3.2.1.5 Instrumentation 
 
 
Figure 3.12 shows a typical set-up for Raman spectroscopy. A 
monochromatic visible laser is used as the excitation source. The laser is 
passed through a pinhole, measured by a spectrometer and then collected as 
an expanded parallel beam. This is done in order to fill the optics of the 
microscope. The radiation is then deflected by mirrors towards the notch filter, 
which reflects the light into the microscope. After interaction of the light with the 
sample the scattered radiation is collected from the microscope back through 
the same optics. The scattered radiation then passes through the notch filter at 
an angle that allows transmission of the scattered radiation. This radiation is 
then passed through a grating and onto the charge coupled device (CCD) 
detector [3.9]. In this work the Raman spectra were measured with a Horiba 
Jobin-Yvon HR800 micro-Raman spectrometer with a spectral resolution of 
0.33 cm-1. In all measurements an excitation wavelength of 514 nm was 
directed perpendicular to the substrate and the spectra were recorded in 
reflection geometry.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12: Typical set-up for Raman spectroscopy 
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3.2.2 Ultraviolet-Visible Spectroscopy 
 
 
3.2.2.1 Theory 
 
 
Semiconductors and insulators have a fundamental absorption edge in 
the near-infrared, visible or ultraviolet spectral region. This absorption edge 
exists as a result of the onset of optical transitions across the fundamental band 
gap of the material, Eg. During ultraviolet-visible (UV-vis) spectroscopy, 
investigation of the fundamental absorption edge located in the UV to visible 
wavelength range is pursued. Figure 3.13 shows a simplified energy diagram of 
two separated bands in a solid. The gap in energy between the two bands is 
called the band gap, Eg. Interband transitions are only possible across Eg if the 
selection rules permit them. The lower band is commonly referred to as the 
valence band, whereas the top band is known as the conduction band. The 
valence band edge is referred to as EV and the conduction band edge is 
labelled EC.  
 
During a  transition an electron jumps from the band at lower energy to 
the one above it by absorbing a photon. This can only happen if there is an 
electron in the initial state in the lower band. Furthermore, the Pauli exclusion 
principle demands that the final state in the upper band must be empty. By 
applying the law of conservation of energy to the interband transition shown in 
Figure 3.13 it follows that  
                  (3.10) 
where Ei is the energy of the electron in the lower band, Ef is the energy of the 
final state in the upper band and ħω is the photon energy. 
 
ω+E=E if 
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Figure 3.13: Interband optical absorption between an initial state of energy Ei  
in an occupied lower band and a final state at energy Ef in an 
empty upper band. The energy difference between the two bands 
is Eg [3.28]  
 
 
The excitation of the electron leaves the initial state at energy Ei in the 
valence band unoccupied. The interband absorption process therefore creates 
a “hole” in the initial state and an electron in the final state; and may be 
considered as the creation of an “electron-hole” pair. The band gap of a 
material may be either direct or indirect, as illustrated by the energy band 
diagram of Figure 3.14.  
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Figure 3.14: Interband transitions in (a) direct band gap and (b) indirect band 
gap materials [3.28] 
 
In a direct gap material, the valence band maximum and the conduction 
band minimum coincide at the Brillouin centre where k = 0, whereas in an 
indirect gap material the maximum and minimum do not occur at k = 0, but at 
some value for k close to the zone edge. Conservation of momentum implies 
that the electron wave vector, k, does not change significantly during a photon 
absorption process. It can be seen from Figure 3.14(b) that k must change 
significantly in transiting from the valence band to the bottom of the conduction 
band in indirect band gaps. It is not possible to make this transition by 
absorption of photon alone and therefore the transition must involve a phonon 
to conserve momentum. This contrasts with a direct gap material in which the 
process may take place without any phonons being involved.  
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3.2.2.2 UV-Vis Desorption Method 
 
 
For evaluating the concentration of Ru dye adsorbed onto both the TiO2 
nanoparticle and nanotube films,  the spectroscopic information obtained from 
UV-vis spectra were analysed in accordance with the desorption method 
developed by Tolvanen [3.1]. Tolvanen found that a plot of the dye 
concentration, c, against the UV-vis absorbance peak maximum, A, yields a 
straight line, given by 
0.18-A48.91=c            (3.11).  
 
Equation (3.11) implies that, if the concentration of dye adsorbed onto 
two different TiO2 films is kept constant, then the absorbance at a certain 
wavelength should also be constant, given that the two films share the same 
thickness and ultimately surface area. Hence, equation (3.11) can be used as a 
tool to deduce and compare the surface area of two differing shapes of TiO2 
films. The absorbance spectra reported on in this work were recorded with a 
Perkin Elmer Elmer LAMDA 750S UV-vis spectrometer at over a spectral range 
of 400 nm to 700 nm.   
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3.3 Characterisation of the DSC Performance 
 
 
3.3.1 Electrochemical Impedance Spectroscopy 
 
 
3.3.1.1 Introduction  
 
 
During electrochemical impedance spectroscopy (EIS) the complex AC 
resistance over a wide range of frequencies, typically between 10-2 and 106 Hz, 
is investigated. The complex resistance in question is called the impedance 
Z(ω) and is dependent on the frequency, ʋ and thus the angular frequency ω = 
2πʋ. The impedance is determined by applying a small sinusoidal AC voltage 
on the system and measuring the resulting AC current. The amplitude of the AC 
voltage has to be small enough so that the resulting current is proportional to 
the voltage and has harmonic time dependence.  
 
EIS is widely employed to investigate the internal processes and phase 
boundaries within the DSC. The different microscopic processes within the cell 
have different time constants, which are reflected in different frequency ranges 
in an impedance spectra. For example, the diffusion of electrons through the 
redox electrolyte is much slower than the charge transfer at the counter 
electrode of the cell, and thus would appear at different frequency ranges in the 
impedance spectra. 
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 3.3.1.2 Basic Theory of Electrochemical Impedance Spectroscopy 
 
 
The basic theory of EIS is best presented through use of a simple 
electrochemical cell, depicted by an equivalent circuit composed of resistors 
and capacitors that pass current with the same amplitude and with the same 
phase that the real cell does under a given excitation. Figure 3.15 shows a very 
common equivalent circuit, called a  Randles equivalent circuit, where if and ic 
represent the faradaic processes and double layer charging, respectively. The 
double layer charging is nearly purely capacitive and is thus represented by a 
capacitance element, Cd. The faradaic processes, in contrast, are represented 
by a general impedance, Zf. RΩ represents the solution resistance that the 
current must pass through, as well as the other sources of series resistance. 
The faradaic impedance, Zf, is comprised of a series resistance Rs and a 
pseudo-capacity, Cs. The faradaic impedance can also be sub-divided into a 
charge-transfer resistance, Rct, and a another general impedance, Zw, called 
the Warburg impedance, which is related to the mass transfer within the cell.   
 
 
 
 
 
 
 
 
Figure 3.15: Schematic representation of (a) the Randles equivalent circuit 
and (b) sub-division of the faradaic impedance Zf 
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Impedance, Z(ω), is a complex quantity comprising of real and imaginary 
components, i.e.  
ImRe jZ-Z=)ω(Z                        (3.12) 
with j = 1- . The real part of Z(ω) represents the resistive behaviour of the 
system under investigation, ZRe = RB and the imaginary part the capacitance, 
i.e. 
BCω
1
Im =Z . By adding the impedances in the Randles equivalent circuit of 
Figure 3.15, the following expression for the total impedance in the system is 
obtained:  
fCd
fCd
ΩR Z+Z
ZZ
+Z=)ω(Z            (3.13) 
The real and imaginary parts of each of the impedances in the circuit is given 
by 
s
fsf
d
CdCd
ΩRΩΩR
Cωj
1
=)Im(Z       ;R=)ZRe(
Cωj
1
=)ZIm(        ;0=)ZRe(
0=)ZIm(    ;R=)ZRe(
          (3.14) 
Substituting equations (3.14) into 3.13,  and separating the real and imaginary 
parts for Z(ω), yields:  
22
s
Ω B+A
R
+R=)]ω(ZRe[(             (3.15) 
where A = 1+
s
d
C
C
 and B = dsCRω for the real part of Z(ω). Similarly the 
imaginary part of Z(ω) is given by 
     22
Cω
A
Cω
B
B+A
+
=)]ω(ZIm[(
sd
           (3.16) 
The relationships for the series resistance, Rs and pseudo-capacitance, Cs in 
Figure 3.15 are given by [3.29] 
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2
1
2
1-
σω
1
=C
σω+R=R
s
cts
                                                     (3.17) 
where σ is a constant dependent on the concentrations, diffusivities and 
temperature residing in the system under investigation. Substituting the 
relations of equation (3.17) into  the real and imaginary parts of Z(ω) in 
equations (3.15) and (3.16), respectively gives two very important equations.  
2
ct
2
d
22
d
d
2
ctd
Im
2
ct
2
d
22
d
-
ct
ΩRe
)σω+R(Cω+)1+σωC(
)1+σCω(σω+)σω+R(Cω
=Z
)σω+R(Cω+)1+σωC(
σω+R
+R=Z
2
1
2
1-
2
1
2
1-
2
1-
2
1-
2
1
2
1
                      (3.18) 
The equations of (3.18) can be simplified by studying the behaviour of the 
frequency, ω at low and high regions. At low frequencies, ω → 0 and thus  
d
2
Im
ctΩRe
Cσ2+σω=Z
σω+R+R=Z
2
1-
2
-1
           (3.19) 
Eliminating 2
-1
σω , known as the Warburg impedance, from (3.19) yields  
d
2
ctΩReIm Cσ2+R-R-Z=Z           (3.20) 
Thus plotting ZIm versus ZRe gives a linear plot with unit slope at low 
frequencies and is characteristic of a diffusion controlled process. At high 
frequencies ranges, diffusion is less predominant and thus the Warburg 
impedance becomes negligible. This implies that the Zw impedance in Figure 
3.15 can be left out of the equivalent circuit, and thus the total impedance in the 
circuit will be given by  
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    )
j-ωCR
R
j(-R=Z
dct
ct
Ω            (3.21) 
The real and imaginary parts are 
2
ct
2
d
2
2
ctd
Im
2
ct
2
d
2
ct
ΩRe
RCω+1
RCω
=Z
RCω+1
R
+R=Z
           (3.22) 
Elimination of ω from equations (3.22) and rearranging the terms gives  
2
2
R2
Im
2
2
R
ΩRe )(=Z+)-R-Z(
ctct           (3.23) 
which is the equation of a circle centred at ZRe = RΩ – Rct/2 and ZIm = 0, and 
with a radius of Rct/2. Combining the low and high frequency ranges, an 
impedance plot such as shown in Figure 3.16 is obtained. The plot of ZIm 
versus ZRe is called a Nyquist plot and will be exclusively used in this study for 
data representation.   
 
 
 
 
 
 
 
 
 
 
Figure 3.16: Nyquist plot for an electrochemical system [3.1, 3.29] 
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 3.3.1.3 Instrumentation  
 
 
The EIS spectra measured in this study were recorded with a Autolab 
PGSTAT 12/30/230 potentiostat. A two electrode configuration was used where 
the sensitised TiO2 was connected as the working electrode while the platinised 
counter electrode of the solar cell, doubled as the reference electrode. The 
measurements were carried out both in the dark and under illumination at an 
open circuit potential of 700 mV and a scan rate of 50 mV/s.  
 
 
3.3.2 Current – Voltage Characterisation 
 
 
3.3.2.1 Simple Electrical Model of a Dye-sensitised Solar Cell 
 
  
A solar cell can be thought of as a combination of a current source and a 
diode, as shown in Figure 3.17. In an ideal cell the series resistance, Rs, would 
be zero and the parallel or shunt resistance, Rp, indefinitely large. However, in 
reality this is not the case. The series resistance is composed of the electrical 
resistances of the different materials in the cell and the interfaces between 
them - the resistance of the TCO layer is the biggest contributor to the series 
resistance of the cell. The shunt resistance measures the resistance between 
the electrodes through undesirable routes, e.g. from the TiO2 film to the 
electrolyte, hence in a highly efficient cell the shunt resistance must be as high 
as possible.  
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Figure 3.17: (a) Illustration that a solar cell can be represented by a current 
source and a diode and (b) the simple electrical circuit by which a 
solar cell can be modelled  
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3.3.2.2 I-V Characteristics of a Dye-sensitised Solar Cell 
 
 
A typical current-voltage (I – V) curve of a solar cell is shown in Figure 
3.18. In general the current density, defined as the current (I) per unit area, and 
labelled j, is plotted against the voltage. Nevertheless, the current density-
voltage relationship is referred to as an I – V curve. The important feaures in 
Figure 3.18 are the short-circuit current density jsc, the open-circuit voltage Voc 
and the maximum power point Pmax (or MPP) with its corresponding current-
density and voltage (jmp, Vmp). 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.18: Typical I-V curve of a solar cell [3.30] 
 
 
The fill factor, FF, of the solar cell is defined as “squareness” of the I-V 
curve and is given by 
ocsc
max
Vj
P
=FF
             (3.24)
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with Pmax given in W/cm
2. The efficiency of the cell, η is given by  
in
ocsc
in
max
P
Vj
 x FF=
P
P
=η
           (3.25)
 
where Pin is the power of the incident irradiation given in W/cm
2.  
 
The power output of a solar cell is highly dependent on the power of the 
incident irradiation. Under standard reporting conditions (SRC) the cell is 
illuminated with AM 1.5 global light. It is equivalent to the spectrum of the sun 
with an incident angle, such that the light path through the atmosphere is 1.5 
times longer than the path for perpendicular incident irradiation. The intensity of 
AM 1.5 global is 100 mW/cm² or 1000 W/m² and is also referred to as 1 sun 
[3.30]. 
 
The I – V curve of Figure 3.18 can be modelled by the one-diode model, 
given by  
[ ]
scTkm
Ve
sat I+1-expI=)V(I BD
0
           (3.26)
 
where  Isat  = the diode saturation current,  
e0  =  electron charge 
mD  = diode ideality factor, 
kB   = Boltzmann constant and  
T    =  temperature 
 
The diode ideality factor is 1 from semiconductor theory. However, real 
diodes deviate from the ideal diode equation where mD = 1. In real silicon 
diodes the ideality factor is 2 for low currents and 1 for high currents. The one-
diode model is sometimes also called the “standard solar cell equation”. Many 
detailed models have been developed to describe the I – V curve of a DSC 
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from microscopic parameters [3.31. 3.32]. However, it is sufficient to describe 
the macroscopic I – V curve of a DSC by the one-diode model [3.30]. In a real 
solar cell the series, Rs and shunt, Rsh resistances have to be taken into 
account, as shown in Figure 3.17. The I – V curve then becomes 
[ ]
sh
s
scTkm
IRe - Ve
sat R
IR-V
+I+1-expI=)V(I
BD
s00
          (3.37)
 
with the quantity, 
sh
s
R
IR-V
 known as the shunt current, Ish. The influence of the 
series and shunt resistances on the I-V curve of a solar cell is shown in Figure 
3.19.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.19: Effect of Rs and Rsh on the I-V curve of a solar cell [3.30] 
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It can be seen from Figure 3.19 that low shunt resistances (typically in 
the region of 100 Ω) increase the slope of the “flat” part of the I-V curve, 
whereas high series resistances decrease the slope of the “ascending” part of 
the curve. Hence, a direct measure of these two quantities can be obtained 
from calculating the inverse of the slope of the tangent line at these two parts of 
the I – V curve. At infinitely high shunt and zero shunt resistances, Ish in 
equation 3.37 becomes negligible and the I – V relation tends towards that of 
the ideal diode, i.e. equation (3.36).  
 
 
3.3.2.3 Instrumentation 
 
The I – V characteristics of the DSCs were measured under illumination 
using a Keithley 2420 supply and measure unit. The devices were irradiated at       
100 mW.cm-2 using a xenon lamp-based Sciencetech SF150 150 W solar 
simulator equipped with an AM1.5 filter as the white light source. The power 
intensity at the sample was measured with a Daystar light meter. All the 
photovoltaic properties were evaluated in ambient air conditions at room 
temperature. To eliminate the influence of diffused and back-reflected light 
during the I – V  measurements, the DSC was covered with a black aperture 
mask according to the methods proposed in [3.33, 3.34].  
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CHAPTER FOUR  
TiO2 Nanotube Synthesis and 
Properties 
 
 
In this chapter the synthesis of TiO2 nanotubes by means of anodisation, 
as discussed in Chapter Two, as well as the crystallinity and optical properties 
of the nanotubes will be presented. The morphology of the nanotubes is of 
importance for their application in the DSC. The nanotubes were synthesised 
in two different electrolytes, one an aqueous solution with a low pH, and  the 
other an organic, neutral electrolyte.  
 
The physical dimensions, such as length, diameter and wall thickness of 
the nanotubes were varied by having accurate control over the anodisation 
parameters, namely voltage, fluoride ion concentration, time and electrode 
separation distance in each electrolyte.  
 
Characterisation of the optical properties of the nanotubes is also a very 
important before implementation of the nanotubes in the DSC, as the 
presence of trapping states in the optical bandgap of the material influences 
the performance of the device.      
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4.1 Morphology   
 
 
4.1.1 Effect of Electrolyte Solution on the Morphology 
 
 
Figure 4.1 compares the SEM micrographs of the Ti sheets anodised in 
(a) the aqueous solution comprising of 0.15 M NH4F + H3PO4 + H2O with a pH 
of 3.4 (solution A), and (b) the organic solution consisting of 0.15 M NH4F + 
2M H2O + ethylene glycol (EG) with pH 7.5 (solution B). The anodisation was 
performed at an operating voltage of 25 V for three hours.  
 
For each experiment a fresh electrolyte solution was prepared and no 
agitation of the solution by means of ultra-sound or magnetic stirring was 
applied. This was done since the results from previous such experiments 
during this study showed inconsistencies in the morphology of the Ti sheet 
after anodisation due to the erratic interaction of the F- ions with the Ti 
surface, caused by the agitation of the electrolyte solution. 
 
The nanotubes synthesised in the acidic  and organic electrolytes have 
an average length of approximately 500 and 1000 nm, respectively as shown 
by the size-distribution histograms in Figure 4.1. Closer inspection reveals that 
solution A yields nanotubes with rippled side-walls, whereas the walls of the 
tubes obtained from solution B are in general smoothed. Measurement of the 
respective nanotube inner diameter (or nanopores) also shows that the tubes 
synthesised in the former solution are greater than when anodised in the 
organic electrolyte.  
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Figure 4.1: SEM micrographs and corresponding size-distributions of the 
nanotubes synthesised in electrolytic solutions consisting of (a) 
0.15 M NH4F + H3PO4 + H2O and (b) 0.15 M NH4F + 2M H2O + 
ethylene glycol 
 
The differences in nanotube morphology can be explained by examining 
the current-time transients of the respective films of tubes as shown in Figure 
4.2. It is apparent that regular current oscillations occur during anodisation in 
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the aqueous solution. When converted to a length scale, these fluctuations in 
the current-time transients correspond well to the ridges in the nanotube wall; 
this effect has also been observed by other groups [4.1 – 4.3].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Current-density versus anodisation time curves for TiO2 
nanotubes synthesised in solutions A and B  
 
 
The fluctuations in the red curve of Figure 4.2 can be explained by the 
fact that every current transient is accompanied by a pH burst at the nanopore 
tip [4.4]. This local acidification leads to temporary increased dissolution rate 
(discussed in Chapter 2.1.2) of TiO2, which in turn, results in an irregular wall 
formation as witnessed in Figure 4.1 (a). Since diffusion is the main effect 
balancing local acidification, a key to suppress the pH bursts is to damp the 
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fluctuations by decreasing the diffusion constant in the electrolyte [4.4]. In this 
work this was achieved by using a  highly viscous ethylene glycol electrolyte 
solution (i.e. solution B), which resulted in the synthesis of nanotubes with 
smoothed walls and longer lengths, as shown in Figure 4.1 (b).  
 
As shown by the black curve of Figure 4.2 the current-time transient in 
solution B shows much lower current densities than that of the purely aqueous 
electrolyte. This is in line with a diffusion-controlled process, considering the 
Stokes–Einstein relation, where the diffusion constant, D, is proportional to 
1/η, where η is the solution viscosity [4.4]. Additionally as a result of the 
change in the diffusion coefficients and the improved confinement of the acidic 
area at the pore tip, the tubes grow now to lengths exceeding 1 µm. 
 
The results of Figures 4.1 and 4.2 are very important for the application 
of the anodised TiO2 nanotubes in the DSC. Anodisation in aqueous 
electrolytes in fluoride concentrations  increased from 0.15 to 1 M and 
anodisation voltages between 5 and 30 V, did not yield nanotubes with 
lengths greater than 500 nm. In contrast, anodisation in ethylene glycol based 
electrolytes at voltages up to 60 V yielded  TiO2 nanotube films with lengths 
greater than 15 µm. It has been shown by various research groups that  the 
optimum TiO2 film thickness for application in DSCs is found between 10 and 
15 µm [4.5]. For this reason the nanotubes were synthesised exclusively in 
ethylene glycol electrolytes.  
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4.1.2 Effect of Anodisation Voltage on the Morphology 
 
 
No distinctive nanotubes could be observed after anodisation at 
operating voltages of 5 V and below, however the top-view micrographs of 
Figure 4.3 reveals well-defined porous structures after synthesis between 10 
and 30 V. The cross-section of the nanotubes was viewed by bending the 
flexible anodised Ti foil in order to crack the intact film.  
 
As shown in Figure 4.3 (f) the nanotubes have closed bottoms boasting 
a hexagonal structure. From the insets it can clearly be seen that the length of 
these self-organised structures linearly increase with applied voltage. At 
closer inspection, it was also found that the inner diameter as well as the 
thickness of the walls increase with increasing voltage. 
 
Figure 4.4 (a) plots the relationships of the nanotube diameter and 
length as a function of the anodisation voltage. The black plot shows that the 
nanotube-voltage relationship can be modeled by a straight line with an 
intercept at approximately 20 nm. Between 5 and 30 V, Figure 4.4 shows that 
the diameter linearly increases from 35 nm at an applied potential of 5 V to 
120 nm at 30 V. The slope of the fitted straight line is equal to two times the 
growth factor (fg, discussed further in the chapter) of the anodic film, which 
represents the rate at which the nanotube diameter increases per applied 
voltage. From the equation of the black line in Figure 4.4 it was found that the 
diameter increased at approximately 2.3 nm/V.  
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Figure 4.3: SEM micrographs of the Ti foils after anodisation for 3 hrs in an 
electrolyte solution consisting of 2 M H2O + 0.3 M NH4F + EG at 
(a) 10, (b) 15, (c) 20, (d) 25, (e) 30 V and (f) micrographs 
illustrating the hexagonally shaped nanotube bottom  
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Figure 4.4: (a) Plot of the nanotube diameter and length versus the applied  
anodisation potential and (b) SEM micrograph of the Ti surface 
after anodisation at 3 V 
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Similarly the relationship between the nanotube length and the applied 
potential was modeled by a straight line (blue line in Figure 4.4) with an y-
intercept at approximately -54 nm. This intercept makes sense because at 
applied voltages between 0 and 3 V no nanotube formation was observed, 
only a corroded Ti surface. This indicates oxide formation (as discussed in 
Chapter 2.1.2) during the initial stages of nanotube formation, but as a result 
of the limited driving force (i.e. potential) the F- interaction with the oxide layer 
was minimal and hence nominal pore and ultimately nanotube formation were 
observed. This is shown in Figure 4.4 (b). The slope of the blue line in Figure 
4.4 (a) indicates that the nanotube length increases as a rate of approximately 
45 nm per applied voltage.  
 
Gong et al. [4.6] showed that anodisation in an aqueous electrolyte 
containing 0.5 wt% hydrofluoric acid (HF) at voltages increased from 3 to 20 V, 
results in the formation of tubular structures with pore diameters increasing 
from 15 to 30 nm. Bauer et al. [4.7] reported that anodisation in an electrolyte 
comprising of 1 M H3PO4 + 0.3 wt% HF at voltages between 1 and 25 V, yields 
nanotubes with diameters ranging between 15 and 120 nm. In a further report 
by Macak et al. [4.8] it was shown that anodisation of Ti foils in water/glycerol 
mixtures with 0.27 M NH4F leads to an increased TiO2 nanotube diameter, from 
20 nm when operated at 2 V to 300 nm when anodised at 40 V.  
 
From these studies it was found that the nanotube diameter, d, is related 
to the applied voltage, V by d (in nm) = k x V, where k = 2fg; fg being the growth 
factor for anodic oxides and typically between 2 and 2.5 nm/V for TiO2 films 
[4.9]. In Figure 4.4 (a) it is shown that the diameter of the nanotubes of Figure 
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4.3 linearly increases at a rate of about 2.3 nm per applied voltage, consistent 
with reported results. It is also shown that the nanotube length increases 
linearly at approximately 45 nm/V for the voltage range presented.  
 
 
4.1.3 Effect of Anodisation Time on the Morphology 
 
 
In order to explain the changes in the nanotube morphology, caused by 
an increase in anodisation voltage more accurately, a treatment of the 
formation of the nanotubes during the anodisation process is required. Figure 
4.5 depicts the current density as a function of time for the Ti foil sheets 
anodised at the increasing operating voltages for three hours in the 2 M H2O + 
0.3 M NH4F + EG solution. It can be seen that an increase in the anodisation 
voltage yields an increase in the current density and that four different parts of 
the curve can be identified, suggesting four different stages of growth.    
 
A rapid decrease in the current density was observed during the initial 
stage of anodisation (~ 80 s), which is ascribed to the formation of a thick oxide 
layer between the Ti and electrolyte solution, thereby inducing a large IR drop 
across the electrode [4.8]. In addition, the IR drop increased with an increase in 
the applied voltage, suggesting an increase in the thickness of the insulating 
oxide layer. The SEM micrograph and EDS spectrum of Figure 4.6 (a) confirms 
the above by revealing areas in the Ti substrate incorporating O- ions for oxide 
formation after 80 seconds of anodisation.  
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Figure 4.5: Current density vs. time curves of the Ti foil sheets anodised at 
the different voltages 
 
 
During stage II, a steep increase in the current density profile was 
observed for roughly 5 minutes after the initial IR drop and is attributed to the 
rapid chemical dissolution of the oxide barrier by the F- ions from the 
electrolyte. This process results in the formation of pits (or pores) on the 
substrate surface as shown in Figure 4.6 (b) and form the activation sites for 
tube formation as shown by the micrograph of Figure 4.6 (c) and the gradual 
decrease in the current density curve after anodisation of about 30 minutes 
(stage III). The final stage determines the length of the nanotubes, with greater 
applied voltages yielding free-standing nanotubes of longer length, as was 
shown by the SEM micrographs of Figure 4.3. 
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As shown in Figures 4.3 and 4.4 as well as the results from the literature 
stated, the voltage induces increases in the nanotube length, wall thickness and 
diameter. However the exact mechanism describing these increases remains a 
topic of debate, with the most comprehensive discussion to date found in [4.10, 
4.11]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: SEM micrographs of the Ti foil anodised for (a) 80 seconds along 
with the corresponding EDS spectrum, (b) 6 minutes, (c) 30 
minutes and (d) 2 hours 
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4.1.4 Effect of F
-
 Concentration on the Morphology 
 
 
Figure 4.7 shows SEM micrographs of the Ti foil anodised at 30 V for 3 
hours at NH4F concentrations increased from 0.15 M up to 1M. As shown, the 
average nanotube diameter at 0.15 M NH4F is 20 nm and increases to 100 nm 
at 0.6 M NH4F. At a NH4F concentration of 1 mol/l the nanotube architecture 
breaks down, as shown in Figure 4.7 (d). The average nanotube length was     
3 µm, as was the case in Figure 4.3 (e).  
 
The current density – time curves for the nanotubes synthesised at 
increasing F- ion concentrations are plotted in Figure 4.8. The regions of 
interest in Figure 4.8 occur at anodisation of roughly 5 minutes, during stage II 
of the growth process or, in other words, during pore formation. At the same 
operating voltage Figure 4.8 shows that the current density peak position shifts 
to longer anodisation time as the F- concentration is increased. In addition, 
Figure 4.8 also shows that this shift is accompanied by an increase in the 
current density. These two striking features of Figure 4.8 explains the nanotube 
morphology presented in Figure 4.7.   
 
The current density shift with increasing fluoride ion concentration 
suggests a greater chemical dissolution rate (reaction 2.4 of Chapter 2) of the 
compact  oxide layer during stage I of the nanotube growth (see Chapter 2.1.2). 
This is to be expected seeing that more F- ions interact with the compact oxide 
layer thereby increasing the surface activation sites, which ultimately lead to 
pore formation. However, pore formation is random and with the large number 
of F- ions interacting with the activated surface, larger diameter pores may well 
be observed as a result of the closely located activation sites.   
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Figure 4.7: SEM micrographs of TiO2 nanotubes synthesised with a NH4F 
concentration of (a) 0.15, (b) 0.3 (c) 0.6 and (d) 1 M  
 
 
This theory is further supported by the increased current density observed 
with an increase in the F- ion concentration. As a result of the greater pore 
 
 
 
 
CHAPTER FOUR: TiO2 Nanotube Synthesis and Properties 
 108 
formation the active area of the oxide layer increases and thus the current 
increases [3.12]. With time, these individual pores start interfering with each 
other and start competing for the available current, which leads to tree-like 
growth of the oxide layer and formation of the nanotube structure. As Figure 4.7 
suggests, at a NH4F concentration of 1 M, the compact oxide layer is depleted 
at such high F- ion concentrations and leads to a breakdown of the nanotube 
morphology.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: Current density vs. anodisation time curves of the nanotubes 
synthesised at 0.15, 0.3. 0.6 and 1 M NH4F at 30 V for 3 hours 
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Based on the findings of sections 4.1.1 and 4.1.2 of this chapter, the 
optimum anodisation conditions for the synthesis of TiO2 nanotubes arrays with 
an average length of 15 µm, outer diameter of 50 nm, and wall thickness of 
approximately 20 nm were found to be an anodisation voltage of 60 V, neutral 
organic electrolyte consisting of 2 M H2O + 0.15 M NH4F + EG and an 
anodisation time of 6 hours. Figure 4.9 shows a FIB-SEM micrograph of a 
sample synthesised at these optimised parameters. The ion-milled section was 
prepared as explained in Chapter 3.1.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9: FIB-SEM micrograph of the Ti foil anodised at the optimum 
anodisation parameters  
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As shown in the micrograph, the Ti sheet is completely consumed after 
anodisation at the above bath conditions, with a TiO2 nanotube layer in excess 
of 15 µm obtained. The inset in Figure 4.9 is a SEM micrograph of the top-view 
of the anodised sample. From this micrograph an average nanotube diameter 
of approximately 50 nm and wall thickness of 15 nm were obtained.   
 
 
4.2 Crystallinity  
 
 
Figure 4.10 shows the x-ray diffraction (XRD) patterns of the nanotubes 
annealed at 450 ºC for 2 hours in air, at atmospheric pressure. For comparison 
the XRD patterns of a nanotube sample without annealing and that of the 
commercially pure Ti substrate (before anodisation) are also included. It can be 
seen that the as-synthesised nanotubes are amorphous with only diffraction 
peaks of the Ti substrate visible. However, the annealed tubes show very 
interesting diffraction patterns. Closer examination reveals that they crystallise 
predominantly in the anatase TiO2 phase. Furthermore, with an increase in 
operating voltage the anatase diffraction peak at 2θ ~ 25º gradually increases, 
while the rutile peak at 2θ ~ 44º decreases.  
 
Mor et al. [4.13] showed that the rutile and anatase phases co-exist at 
temperatures between 430 ºC and 620 ºC for nanotubes synthesised on top of 
a Ti layer. However, no rutile diffraction peaks were detected when the 
nanotubes were synthesised on top of a glass substrate and annealed at      
500 ºC. This showed that the rutile crystallites grow at the interface between the 
nanotube bottom and the thermally oxidised Ti substrate. It is also reported that 
the nanotube wall thickness limits crystal growth as a result of the limited area 
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available for nucleation site formation [4.13, 4.14]. In Figure 4.3 it was shown 
that the nanotube wall thickness gradually increases with an increase in applied 
voltage, hence the area available for nucleation formation also increased, 
according to the findings in [4.13]. Applying the Scherrer formulation (see 
Chapter 3.1.4.2) to the XRD diffractograms it was found that the grain size of 
the anatase crystallites indeed increased with an increase in the nanotube wall 
thickness (caused by an increase in voltage), while the rutile grains decreased. 
Figure 4.11 illustrates this phenomenon by plotting the relationships between 
the anatase and rutile crystallite sizes and the applied anodisation voltage. 
Based on these findings the evolution of the crystallinity of the nanotubes upon 
annealing, as presented by the XRD patterns in Figure 4.10, can be explained 
as follows:  
 
The increase in the applied voltage induces an increase in the nanotube 
wall thickness, thereby presenting a greater area available for the formation of 
nucleation sites. Subsequently, anatase crystallites of greater size form upon 
annealing at 450 ºC, as shown in Figure 4.11. An increase in the anodisation 
voltage also results in increased rates of breakdown of the oxide layer formed 
during the initial stages of anodisation [4.13], thereby reducing the area 
available for rutile crystallite formation at the tube bottom and hence the 
decrease in the rutile phase of Figure 4.10. 
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Figure 4.10: XRD patterns of the anodised TiO2 nanotube films annealed at 
450 ºC for 2 hours in air at atmospheric pressure. For 
comparison, the XRD patterns of the Ti substrate and an as-
synthesised Ti sheet is also included  
 
 
Previous studies [4.15 – 4.18] have shown that this phase 
formation/transition is mainly possible upon annealing at different temperatures. 
However in this study it is shown that the crystallinity is directly dependent on 
the nanotube structure, in particular the nanotube wall thickness and the oxide 
layer constituting the nanotube bottom, which were controlled by the applied 
voltage during the anodisation process.      
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Figure 4.11: Relationship between the anatase and rutile crystallite size and 
the applied anodisation voltage 
 
 
4.3 Optical Characterisation of the TiO2 Nanotube 
Films  
 
 
It is known that the crystallinity affects the optical properties of materials. 
Hence it is expected that the changes in the crystallinity, as observed in Figure 
4.10, should have an influence on the measured optical spectra of the 
nanotubes. In this regard photoluminescence (PL) spectroscopy has proved to 
be an important technique in the characterisation of the optical energy bands of 
materials and the study of surface states, donor/acceptor states and structure-
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induced trapping states present within the band gap of materials. It is also well 
known that PL spectra are greatly affected by changes in size of nanomaterials 
[4.19 – 4.22].  
 
Figure 4.12 shows the PL spectra, recorded with an excitation wavelength 
of 325 nm at room temperature of the nanotubes synthesised at operating 
voltages of 10, 20 and 30 V, as well as the PL spectrum of P25 Degussa 
nanoparticles, as a comparison. A broad, asymmetric PL band, tailing towards 
low photon energies and peaking at approximately 380 nm, can be observed. 
Each of the spectra was fitted with Lorentzian functions, which revealed the 
presence of four PL bands. It can be seen that the Lorentzian line-shapes are a 
very good fit for the experimental data acquired, with a standard deviation of 
less than 5% obtained for all spectra. Table 4.1 captures the band energies 
obtained from peaks 1 to 4 of Figure 4.12.  
 
TiO2 is an indirect bandgap material and the emission peaks located 
around 3.53  eV (peak 1) and 3.29 eV (peak 2) for the tubes synthesised 
between 10 and 30 V, are attributed to the highest energy direct transition X1 → 
X2/X1 and the lowest energy indirect transition Г1 → X2/X1 within the Brillouin 
zone, respectively [4.23]. TiO2 is also known to be strongly ionic and as such its 
valence band comprises mainly of the outermost p-electrons of oxygen, 
whereas the bottom of the conduction band is filled with Ti 3d orbitals [4.24]. 
Thus for TiO2 nano-crystals with enhanced surface-to-volume ratios, substantial 
numbers of Ti atoms are exposed at the surface region and transformed into 
Ti3+, Ti2+ and Ti+. Subsequently, these Ti-O dangled bonds present distorted 
TiO6 octahedra and introduce localised energy states within the bandgap of the 
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material. These so-called surface states then become luminescent centers 
upon radiation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: Room temperature PL spectra of the nanotubes synthesised at 
(a) 10 V (b) 20 V, (c) 30 V and (d) P25 Degussa 
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Table 4.1: PL energies and intensities as a function of the applied 
anodisation voltage   
 
 
  
 
 
Experimental Data 
Peak 
no. 
 
Origin 
 
Reference 
10 V 20 V 30 V P25 Degussa 
Peak 
position 
(eV) 
PL x 
10
4
 
(a.u) 
Peak 
position 
(eV) 
PL x 
10
4
 
(a.u) 
Peak 
position 
(eV) 
PL x 
10
4
 
(a.u) 
Peak 
position 
(eV) 
PL x 
10
4
 
(a.u) 
1 
Indirect 
transition 
3.59 eV 
[3.24] 
3.541 49.5 3.532 30.8 3.527 25.1 3.573 4.43 
2 
Direct 
transition 
Anatase 
bandgap 
[4.24]  
3.296 163 3.289 87.1 3.292 94.3 3.461 2.43 
3 
Shallow 
traps 
0 – 1 eV 
below 
anatase 
bandgap 
[4.28, 
4.29] 
3.166 67.5 3.137 60.9 3.141 74 3.321 8.14 
4 
Shallow 
traps 
0 – 1 eV 
below 
anatase 
bandgap 
[4.28, 
4.29] 
3.101 85.1 2.979 17.8 2.978 19.1 3.172 8.69 
 
 
The luminescent centres are reportedly found at energy levels between 0 
and 1 eV below the conduction band of anatase TiO2 [4.25, 4.26]. Hence peaks 
3 and 4 in Table 4.1 are ascribed to luminescence from these surface states 
that are present on the distorted TiO6 octahedra. The XRD results of Figure 
4.10 showed the presence of small traces of rutile in the nanotube samples 
therefore some uncertainty might arise in the assignment of this peak. 
However, it is reported [4.27] that the presence of rutile phases in nano-crystals 
significantly reduces the PL intensity due to its poorer photo-reactivity 
compared to anatase. Table 4.1 reveals no notable reduction in the PL intensity 
of peak 3 with an increase in the operating voltage, hence the assignment of 
this peak to shallow surface state traps. In addition, when compared to the PL 
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spectrum of the P25 Degussa, which contains a notable amount of rutile 
crystallites (~ 15% as obtained from the manufacturer specifications), it can be 
seen that the nanotubes with the predominant anatase crystallinity possess a 
PL intensity one order in magnitude greater, which further supports the above 
argument.    
 
 
4.4 Quantum Confinement in the TiO2 Nanotube Films  
 
 
Red shift of the direct (peak 4) and indirect transitions (peak 3) of Figure 
4.12 (a) to (c) is observed for the TiO2 nanotubes, implying a decrease in the 
bandgap of the nanotube films. This fits well with the increase in the anatase 
crystallite size resulting from the increase in the anodisation voltage, shown in 
Figure 4.11, and provides evidence of quantum confinement within the TiO2 
nanotubes. For a detailed investigation of these effects, Raman spectroscopy 
was employed. This technique has proved to be an important tool not only for 
phase identification, but also for assessment of nano-scale structural changes 
when studying subtle spectral variations [4.19]. Moreover, Raman spectroscopy 
has been extensively used to study size-related confinement of optical phonons 
(known as the phonon confinement, PC, model) within TiO2 nano-crystalline 
thin films [4.18. 4.29] and various TiO2 nano-structures [4.15 – 4.17, 4.30, 4.31]. 
However, vigorous treatment of the problem pertaining to anodised TiO2 
nanotube arrays remains minimal.  
 
Anatase TiO2 belongs to the D4h (I41/amd) space-group and has six 
Raman active modes (A1g, 2B1g and 3Eg) at wavenumbers of 142 cm
-1 (Eg), 197 
cm-1 (Eg), 399 cm
-1 (B1g), 513 cm
-1 (A1g), 519 cm
-1 (B1g) and 639 cm
-1 (Eg). 
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Rutile, on the other hand, has a space group D4h (P42/mnm) giving rise to four 
Raman active modes (A1g, B1g, B2g, and Eg) at Raman shifts of 143 cm
-1, 447 
cm-1, 612 cm-1 and 826 cm-1, respectively [4.18, 4.30]. Figure 4.13 plots the 
Raman spectra of the TiO2 nanotubes that were calibrated with a crystalline 
silicon <100> standard at 521 cm-1. The results confirm that annealing at 450 
ºC for 2 hours crystallises the amorphous nanotubes into anatase TiO2, in 
coherence with the XRD results presented in Figure 4.10. However, no Raman 
active phonon modes originating from the rutile crystal structure, as previously 
indicated by the XRD data, were observed. This is attributed to the difference in 
the detection limit of the two underlying characterisation techniques. For 
comparison, the Raman spectrum of commercial Degussa P25 nanoparticles 
with negligible rutile content and a mean diameter of 30 nm is also included.  
 
The PC model [4.32] predicts that a decrease in size of a nano-crystal 
results in a blue shift of the fundamental Raman active phonon mode, located 
around 142 cm-1 for TiO2. In addition, it is reported [4.15] that these nano-
crystals also stimulate an asymmetric broadening of the 142 cm-1 mode 
towards higher wavenumbers.  
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Figure 4.13: Raman spectra of the TiO2 nanotubes annealed at 450 ºC for 2 
hours in air at atmospheric pressure and for comparison the 
Raman spectrum of P25 Degussa with minimal rutile content 
 
 
Theoretically for low-dimensional systems the Raman line-shape is given 
by [4.32, 4.33] 
 
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
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            (4.1) 
where Г0 is the full-width at half-maximum (FWHM) of the Raman line at room 
temperature and )q(ω

is the phonon dispersion curve. The TEM images of 
Figure 4.14 show that the nanotubes indeed consist of small crystallites, 
arranged to form the wall of the nanotube, as deduced by the XRD results in 
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section 4.2 above. As shown these crystallites are spherical, thus the function 
)q(c

 of equation (4.1) may be written as [4.34] 







α2
Lq
exp
α)π2(16
L
)qc(
22
32
6
2
            (4.2) 
where L is the crystallite size, q is the wave vector and α is a constant. Balaji et 
al. [4.18] used values of α = 8π2, Г0 = 7.5 cm
-1 and ω0 = 142.5 cm
-1 in their 
studies on PC in nano-crystalline anatase TiO2 thin films.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14: (a) TEM micrograph of a nanotube sample illustrating how the 
crystallites constitute the walls of the structure and (b) high-
resolution micrograph showing the interplanar spacing of the 
anatase (101) planes. The distance obtained from the TEM 
micrographs is in good agreement with the d-spacing results 
calculated from the XRD spectra.  
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In order to evaluate the effect of the TiO2 crystallite size on the amount of 
dispersion and ultimately the confinement of the phonon modes in the material, 
the Balaji group employed a modified version of the weighted average of 
phonon dispersions proposed by Ivanda et al. [4.35], given as  
)
x
πq
(sinΔω )q(ω 2 0 

      (3) 
with ω0 = 142.5 cm
-1, Δ = 164 cm-1 and x = 1.51779 was employed. The values 
of Δ and x determine the amount of dispersion in )q(ω

.   
 
Figure 4.15 plots the shift in peak position of the 142 cm-1 Raman mode 
(ω0) as well as the change in its FWHM (Г) as a function of the XRD crystallite 
size, obtained from Figure 4.11. It can be seen that the increased particle size 
produces a smaller shift in peak position along with a decrease in the FWHM. 
Fitting of the data with the model proposed by Balaji et al. [4.18] shows that the 
anodised TiO2 nanotube structures conform to the predictions of the PC model 
(equation 4.2). Thus the red shift of peak 4 in the PL spectra of Figure 4.12 can 
be ascribed to confinement of the optical phonon modes, subsequently yielding 
a larger bandgap with the decrease in crystallite size.  
 
As can be seen the model of Balaji predicts the trends in the dispersion at 
low crystallite sizes between 10 nm to 20 nm fairly accurately. Conversely, at 
greater crystallite sizes the model varies beyond the error in the experimental 
dispersion data, as shown by the solid lines of Figure 4.14. This is to be 
expected, seeing that the model is based on the fact that confinement effects 
are most visible for small crystallites, usually less than 10 nm. Furthermore, in 
the studies presented by Ivanda, Bersani and Balaji, the TiO2 nano-crystallites 
are present in thin films. In the case of anodised TiO2 nanotubes these 
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crystallites are restrained to the curved walls of the nanotubes as was shown by 
the TEM micrographs of Figure 4.14. The data of Figure 4.11 showed that the 
crystallite sizes are comparable to the walls of the nanotubes, and is even 
considered to be dependent on these wall thicknesses. These factors are not 
considered in the above models and thus further theoretical work is required on 
these relatively new nanostructured TiO2 to fully describe the dispersion and 
phonon confinement within the nanotubes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15: Calculated peak shift and FWHM of the 142 cm-1 Raman active 
mode of the anatase TiO2 nanotubes as a function of the 
crystallite size. The solid lines fit the model proposed by Balaji et 
al. [4.18] to the experimental data 
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Conclusion 
 
 
In this Chapter the anodisation bath conditions were optimised to 
synthesise TiO2 nanotube arrays with an average length of 15 µm, diameter of 
50 nm and wall thickness of 15 nm. Nanotubes of these dimensions were 
managed to be synthesised at an anodisation voltage of 60 V, neutral organic 
electrolyte consisting of 2 M H2O + 0.15 M NH4F + EG and an anodisation time 
of 6 hours. The anodisation voltage was increased from 5 to 60 V and it was 
found that the nanotube diameter, wall thickness and length linearly increased 
with an increase in voltage. The F- ion concentration was varied from 0.15 to 1 
mol/l by increasing the concentration of NH4F in the electrolyte bath. This 
resulted in an increase in the nanotube diameter.   
 
The as-anodised nanotubes were found to be amorphous and as such 
annealed at 450 °C for 2 hours in air at atmospheric pressure. This yielded  
crystalline anatase TiO2 nanotubes and it was found that the crystallinity of the 
nanotubes are dependent on physical structure of the nanotubes, in particular 
the nanotube wall thickness and hexagonally shaped bottom.  
 
 It was also found that the optical properties, especially the bandgap of the 
TiO2 nanotubes are dependent the crystallinity, which in turn was dependent on 
the structural characteristics, such as the wall thickness, diameter and length. 
PL measurements, supplemented by Raman spectra revealed increased 
quantum confinement of the optical phonon modes of the nanotubes 
synthesized at low anodisation voltages, consequently yielding a larger 
bandgap.  
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CHAPTER FIVE  
Al2O3-Coated TiO2 Nanotubes  
 
 
The results of the Al2O3-coated TiO2 nanotubes, of which the synthesis 
was discussed in Chapter Two, will be presented in this chapter. The 
nanotubes used during the dip-coating process were synthesised at the 
optimum anodisation bath conditions, which were found in Chapter Four to be 
an anodisation voltage of 60 V, electrolyte solution consisting of 2 M H2O + 
0.15 M NH4F + ethylene glycol and an anodisation time of 6 hours. These 
conditions yielded nanotube arrays of an average length, diameter and wall 
thickness of 15 µm, 50 nm and 15 nm, respectively.  
 
 As stated in Chapter One, core-shell TiO2 nanoparticles primarily reduce 
the recombination between electrons in the TiO2 conduction band and holes in 
the entwined electrolyte. In particular, it has been shown that coating TiO2 
nanoparticles with a nanometer sized layer of Al2O3 minimises the reaction 
between the electrons and -3I at the TiO2/electrolyte interface [5.1], leading to 
improvement in the overall cell efficiency.  
 
Wu et al. [5.2] showed that the Al2O3 coating also increases dye 
adsorption and decreases trap sites on TiO2, thereby further increasing the 
DSC performance. In this chapter, the strategy of core-shell nano-structures 
will be applied to the nanotubes, by using a modified Yoldas dip-coating 
technique [5.3] as described by Palomares et al [5.1].   
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The chapter will commence with a discussion of the surface morphology 
of a layer of TiO2 nanoparticles coated with the Al2O3 overlayer. The strategy 
used to coat the nanoparticles will then be applied to a layer of nanotubes and 
investigated. The morphology was studied using atomic force microscopy 
(AFM) as to characterise the as-synthesised materials without processing 
prior to characterisation. Focused ion beam scanning electron microscopy 
(FIB-SEM) analyses of a cross-section of the coated nanotubes were 
performed to investigate the effect of the Al2O3 overlayer on the morphology 
of the nanotubes.  
 
The crystalline structure of the uncoated and coated nanoparticles and 
nanotubes will then be discussed following study of the respective x-ray 
diffraction (XRD) patterns, whereas transmission electron microscopy (TEM) 
allowed for determination of the core-shell structure nature of the different 
nanostructures.  
 
The chapter will conclude with a discussion on the dye-adsorption 
properties of the Al2O3-coated TiO2 materials. An important requirement of the 
TiO2 film used in a DSC is its ability to adsorb dye molecules. By coating the 
TiO2 surface with a layer of Al2O3 a concern arises on the dye adsorption 
ability of the Al2O3-TiO2 film. In this regard, ultraviolet-visible (UV-vis) 
spectroscopy proves to be an important characterisation technique and was 
used to charaterise the dye adsorption properties of the different films of 
nanostructures.  
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5.1 Morphology of Al2O3-Coated TiO2 Nanoparticles 
 
 
Figure 5.1 compares 2 µm x 2 µm atomic force microscopy (AFM) 
micrographs of a 15 µm thick layer of TiO2 nanoparticles, prepared according 
to [5.4], before and after coating with Al2O3, as explained in Chapter 2.2.3. 
During the synthesis it was found that dipping the TiO2 layer in an aluminium 
butoxide precursor concentration of 1M for 30 seconds, followed by sintering 
at 430 ºC for  30 minutes in air at atmospheric pressure yielded the most 
uniform layer of Al2O3, exhibiting no cracks in its morphology (see Figure 2.11 
of Chapter 2).  
 
The absence of cracks in the electron transport film is a major necessity 
prior to manufacturing DSCs, as it has been shown that cracking of the TiO2 
film results in poor device performance [5.5, 5.6]. Hence, the results presented 
in Figure 5.1 are that of a TiO2 layer coated at the above stated sol-gel 
conditions.  
 
The film of uncoated TiO2 nanoparticles have an average particle size of 
35 nm as shown by the particle distribution of Figure 5.1 (b). Upon coating the 
nanoparticles with the Al2O3 overlayer, the average particle size increases by 
10 nm to roughly 45 nm as can be seen in Figure 5.1 (d). The increase in 
particle size diameter suggests uniform coating of the individual TiO2 
nanoparticles.  
 
Roughness analyses of the respective AFM micrographs were performed 
to investigate the effect of the Al2O3 coating on the surface topology of the TiO2 
film. The roughness encountered by the AFM tip is indicative of the unevenness 
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at the surface of the layer of nanoparticles. Hence, this simple technique can be 
used as a guide in determining (a) if the Al2O3 coated the individual 
nanoparticles or just covered the TiO2 surface in a blanket fashion and (b) 
whether the Al2O3 coating decreases the porosity of the nanoparticle film.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: 2 µm x 2 µm AFM micrographs of a 15 µm thick TiO2 
nanoparticle film (a) before and (c) after coating with a layer of 
Al2O3. The respective particle distributions are shown in (b) and 
(d).   
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Figure 5.2: Roughness analyses of (a) the uncoated and (b) Al2O3-coated 
TiO2 nanoparticles 
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Figure 5.2 shows the roughness analyses for the uncoated and Al2O3-
coated layers of TiO2 nanoparticles. The roughness statistics are summarised 
in the accompanied text boxes. The important figure to note is the root mean 
square (rms) roughness value in the respective text boxes. It can be seen that 
prior to dip-coating the TiO2 nanoparticle film with an average particle size of  
35 nm has a surface roughness of 20.287 nm, which decreases to 16.302 nm 
after dip-coating. The decrease in roughness before and after coating implies 
that the AFM tip encountered less troughs in between adjacent nanoparticles, 
which suggests that the Al2O3 layer filled these valleys and by so doing may 
decrease the porosity of the TiO2 film.   
 
TEM studies were performed on the nanoparticles to gather greater 
insights into the core-shell nature of the structures. Figure 5.3 shows TEM 
micrographs of the uncoated and coated nanoparticles. The average particle 
size of the uncoated TiO2 nanoparticles in Figure 5.3 (a) is approximately       
35 nm, in coherence with the average particle size obtained from the AFM 
images in Figure 5.1.  
 
The high-resolution TEM image of Figure 5.3 (b) shows that the TiO2 
nanoparticles grow predominantly in the [101] direction with stacking of the 
anatase (101) planes, a distance of 3.54 Å apart. The set of planes intersecting 
the (101) planes are the (004) planes, with a d spacing of approximately 2.41 Å.    
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Figure 5.3: (a) TEM micrograph of a cluster of TiO2 nanoparticles, prior to 
sol-gel dip-coating, (b) high-resolution TEM micrograph of a 
single TiO2 nanoparticle showing that the particles grow in the 
(101) direction, (c) high resolution TEM micrograph of an Al2O3 
coated TiO2 nanoparticle with (d) the corresponding SAED 
pattern 
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The high resolution TEM image of a coated TiO2 nanoparticle is shown in 
Figure 5.3 (c) with the corresponding selected area diffraction (SAED) pattern 
shown in Figure 5.3 (d). The micrograph shows a coating varying between of 
approximately 10 nm thick Al2O3 layer around the TiO2 nanoparticle. The 
coating is not uniform and varies between 3 and 10 nm. Furthermore, the 
coating is amorphous as confirmed by the SAED of Figure 5.3 (d), with a broad 
diffused band detected in the diffraction pattern, indicative of distorted (012) set 
of planes of corundum (ɑ - Al2O3, JCPDS Card  No. 10-137). The diffraction 
from the anatase TiO2 (101), (004) and (200) sets of planes at calculated at d-
spacings of 3.56, 2.45 and 1.93 Å, respectively, are also visible in Figure 5.3 
(d).  
 
XRD patterns of the uncoated and Al2O3 coated TiO2 nanoparticle films on 
a fluorine doped tin oxide (FTO) conductive glass substrate are shown in Figure 
5.4. The figure includes diffractograms from the bare glass/FTO substrate and 
the glass/FTO dip-coated in the Al2O3 sol-gel solution. Analyses of the FTO 
coated glass substrate reveal diffraction primarily from SnO2 crystalline phases, 
whereas the glass/FTO substrate dipped in the sol-gel have no crystalline 
features, only a broad amorphous band centred around 2θ ~ 25°. The absence 
of highly crystalline features at high 2θ values suggests no boehmite, γ-
AlO(OH) formation and hence complete transformation into the corundum, α-
Al2O3, phase following the sintering process. Therefore the broad amorphous 
band in and around 25° is suggestive of short range order from the (012) phase 
of α-Al2O3. The diffraction patterns of the coated and uncoated layer of TiO2 
nanoparticles on the glass/FTO substrate show only diffraction peaks from 
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anatase TiO2 and verifies that an amorphous Al2O3 layer coated onto the 
nanoparticles.  
 
The XRD data are in very good agreement with the SAED pattern shown 
in Figure 5.3 (d) and confirms that dip-coating for 30 seconds 1M aluminium 
butoxide sol-gel, followed by sintering at 430 ºC for  30 minutes in air at 
atmospheric pressure yields TiO2 nanoparticles coated with an amorphous 
Al2O3 coating. The results are consistent with findings published by various 
groups [5.1, 5.2, 5.7, 5.8].  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: XRD patterns of the TiO2 nanoparticles, before and after being 
coated with Al2O3. Included are a diffraction pattern of the glass 
substrate covered by a FTO layer; and the glass/FTO substrate 
coated with the Al2O3 over layer 
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5.2 Morphology of Al2O3-Coated TiO2 Nanotubes 
 
 
Figure 5.5 shows AFM micrographs of a bare and Al2O3 coated TiO2 
nanotube layer. The nanotube films were synthesised at the optimised 
anodisation conditions as found in Chapter Four. The average inner diameter 
size of the bare nanotube layer is approximately 45 nm, as shown in Figure 5.5 
(b), whereas after Al2O3 coating the diameter decreases to roughly 17 nm, as 
shown in Figure 5.5 (d).   
 
The decrease in nanotube inner diameter after Al2O3 coating is to be 
expected because the Al2O3 overlayer not only covers the outside surface of 
the nanotube wall, but also the interior regions, hence causing a reduction in 
diameter. The corresponding surface roughness analysis of the nanotube films 
before and after coating yields a rms surface roughness of 190 and 150 nm, 
respectively, suggesting a smoother surface area after coating. The same result 
was obtained during the Al2O3 coating of the layer of TiO2 nanoparticles in 
Section 5.1 above. In this case the smoother surface is as a result of the filling 
of the voids  created by the nanotube diameter.  
 
TEM micrographs of the nanotube films before and after coating are 
shown in Figure 5.6 (a) and (c), respectively. The SAED pattern of Figure 5.6 
(b) shows that the bare nanotubes are poly-crystalline with the diffraction rings 
clearly visible. The most intense diffraction is that of the anatase (101) sets of 
planes with a d-spacing measured at 5.56 Å. The outer diffraction rings are that 
of anatase (004) and (200) with a d-spacing of 2.47 and 1.93 Å, respectively.    
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Figure 5.5: AFM micrographs of (a) bare TiO2 nanotube and (c) Al2O3 coated 
TiO2 nanotube film. The corresponding diameter size distributions 
are shown in (b) and (d).  
 
 
The TEM micrograph of Figure 5.6 (c) clearly shows that the nanotubes 
are coated with a layer of Al2O3 of thickness varying between 4 and 7 nm, as 
measured from the high resolution inset.  The corresponding SAED of Figure 
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5.6 (d) shows strong diffraction rings from the (004) and (200) planes, but very 
weak scattering from the (101) sets of planes. Instead a broad, diffused band is 
measured in and around the same range of the anatase (101), stemming from 
the amorphous Al2O3 phases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: TEM micrographs of (a) bare TiO2 nanotubes and (c) Al2O3 
coated TiO2 nanotubes; SAED patterns of the (b) bare and (d) 
coated nanotubes 
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Figure 5.7 compares the XRD pattern of a layer of bare nanotubes to that 
of a nanotube film coated with Al2O3. It can be seen that the bare nanotubes 
are crystallised in the anatase form with the most intense peak that of the (101) 
sets of planes, diffracting at 2θ = 25.43°, which equates to a d-spacing of      
3.49 Å. Similarly, the (004) and (200) sets of planes are measured at 2θ = 
38.61 and 48.55° yielding d-spacings of 2.33 and1.87 Å, respectively. The 
diffraction pattern of the Al2O3 coated layer of nanotubes shows a broad hump 
in and around 2θ = 25°, which is attributed to the amorphous Al2O3 coating, as 
was detected with the TEM micrographs and SAED patterns of Figure 5.6. The 
XRD diffractograms are very consistent with the SAED data presented in Figure 
5.6 (b) and (d) and confirm the coating of the TiO2 nanotubes with Al2O3.  
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7: XRD patterns of a layer of bare TiO2 nanotubes and that of a 
layer of tubes coated with Al2O3  
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5.3 Dye Adsorption Properties  
 
 
The dye adsorption properties of the bare TiO2 and Al2O3 coated 
electrodes were characterised by means of UV-vis absorbance spectra and the 
method reported by Tolvanen [5.9]. This is an important analysis because the 
TiO2 nanostructured electrode acts as support for the Ru dye within the DSC 
and the amount of dye adsorbed onto surface is directly dependent on the TiO2 
morphology. By coating the TiO2 nanostructures with a layer of metal-oxide, the 
dye-adsorption ability of the TiO2 electrode must not be compromised.  
 
Figure 5.8 compares the UV-vis spectra of bare TiO2 nanoparticles and 
nanotubes soaked overnight in Ru N719 dye to that of the Al2O3-coated 
nanostructures immersed in N719. For all experiments, 1 x 1 cm2 films of 
thickness approximately 15 µm thick were used during the dye-adsorption in 
order to compare and normalise the absorbance data. The dye adsorbed 
nanoparticle and nanotube films were then scraped from the respective 
glass/FTO and Ti substrates and dispersed in 1 M NaOH in accordance with 
[5.9].  
 
In its ground state, the N719 dye molecule (shown in Figure 5.8) has its 
Ru metal in an oxidised state. Upon excitation, the Ru metal loses the extra 
electron(s) to the bonded carboxylate ligand(s), through a process called the 
metal-to-ligand (4d - π*) charge transfer (MLCT). In addition, Ru-based dyes 
also ligand-centered charge transfer (LCCT) transitions (π - π*). For DSC 
application the 4d - π* transitions are of importance because the electrons are 
transported during these transitions are injected via the carboxylate group to 
the TiO2 [5.10].     
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Figure 5.8: UV-Vis absorbance spectra of the N719 dye adsorbed bare and 
Al2O3 coated TiO2 nanoparticle and nanotube films 
 
 
Two broad absorption peaks are readily observed in Figure 5.8 in the 
ranges between 250 to 300 nm and 350 to 450 nm, respectively and are 
distinctive of 4d - π* transitions in the N719 dye during MLCT. The high energy 
transition observed in Figure 5.8 at wavelengths below 250 nm is characteristic 
of π - π* transitions during LCCT.   
 
As shown the Al2O3 coated TiO2 films exhibit greater MLCT characteristics 
and hence improved dye adsorption. Ganapathy et al [5.11] found an increase 
in the dye adsorption ability of TiO2 nanoparticles coated with a 2 nm thick layer 
of Al2O3 deposited by means of atomic layer deposition. Wu et al [5.12] showed 
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that sol-gel deposited TiO2 nanoparticle films followed by oxygen plasma 
treatment increases the dye adsorption properties of the TiO2 films and similar 
trends have also been observed by various other groups, e.g. [5.13, 5.14]. The 
enhanced dye adsorption observed in Al2O3 coated TiO2 nanostructured films is 
attributed to the favourable attachment of the carboxylate ligand groups of the 
N719 dye to the more basic surface of the Al2O3. In particular the greater dye 
adsorption is attributed to the higher isoelectric point (IEP) of Al2O3 compared to 
TiO2.  
 
At the IEP of a solid its zeta potential is zero and is found by adjusting the 
pH to the appropriate value. The oxide surface responds by becoming more 
positive as the pH is lowered by undergoing the following reaction: 
-MOH + H+ → -MOH2
+              (5.1) 
If the pH is raised the surface becomes more negative according to: 
-MOH + OH− → -MO− + H2O             (5.2) 
Therefore the surface tends to be more negative the higher the pH and more 
positive the lower the pH. At some intermediate pH, zeta will be zero and at that 
point the IEP is measured.  
 
Figure 5.9 shows a table of the IEPs of the most common metal-oxides 
and it can be seen that Al2O3 has a greater IEP than TiO2. This implies that in 
its natural state alumina tends to have a more negative surface than titania 
resulting in its more favourable bonding with the carboxylate attachment groups 
of the N719 dye molecule. From Figure 5.8 it can also be seen that the TiO2 
nanotubes films absorb, on average about 10% less radiation than the 
nanoparticle layers. This implies a lower dye adsorption concentration 
 
 
 
 
CHAPTER FIVE: Al2O3-Coated TiO2 Nanotubes 
 143 
according to [5.9], which is attributed to a lower surface area of the nanotube 
films compared to a layer of nanoparticle of the same thickness.  
 
 
 
 
 
 
 
 
 
 
Figure 5.9: IEP values of the most common metal-oxides [5.15] 
 
 
 
Conclusion 
 
 
This chapter investigated the morphology, crystallinity and dye-adsorption 
properties of core-shell Al2O3-coated TiO2 nanotubes. A simple synthesis 
protocol was followed based on previous work done on films of TiO2 
nanoparticles. AFM micrographs showed that the average particle size of a film 
of TiO2 nanoparticles increases after coating with the Al2O3. Similarly it was 
found that the average nanotube diameter increased post sol-gel deposition, 
and served as the first indications that the nanotubes indeed are coated with a 
layer of Al2O3.  
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HR-TEM, SAED and XRD analyses confirmed the coating of the nanotube 
walls with a thin layer of amorphous Al2O3 of thickness between 4 and 7 nm.  
To the best of our knowledge and based on published literature, this is the first 
time that a simple sol-gel dip-coating process has been successfully applied to 
uniformly coat anodised TiO2 nanotube layers. In addition, UV-vis absorbance 
spectra showed that the dye-adsorption ability of the nanotubes are enhanced 
by the Al2O3 coating and hence is a viable material for DSC application.  
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CHAPTER SIX  
Photovoltaic Properties  
 
 
This chapter will discuss the application of the bare and Al2O3 coated TiO2 
nanoparticles and nanotubes, reported in Chapter 5, in the dye-sensitised solar 
cell (DSC). The DSCs under investigation were constructed as discussed in 
Chapter 2.3 and their performance measured by means of photocurrent density 
versus voltage (I – V) graphs, as reported in Chapter 3.3.2. The I – V curve 
data will be discussed in conjunction with electrochemical impedance 
spectroscopy (EIS) measurements of the respective devices, as detailed in 
Chapter 3.3.1.  
 
In the first instance the DSC performance of the bare and Al2O3 coated 
TiO2 nanoparticles will be compared. The I – V data will be analysed and a 
theoretical model will be constructed based on the data obtained from the 
respective equivalent circuit fits to the EIS data. This methodology will then be 
applied to DSCs constructed with bare and Al2O3 coated TiO2 nanotubes.  
 
The chapter will conclude with a comparison of the photovoltaic data and 
electrical circuits of the four respective solar cells. A detailed discussion of the 
mechanisms responsible for the I – V characteristics, based on the conclusions 
drawn from the previous sections, will follow and possible future studies on the 
subject will also be addressed.   
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6.1 Application of Bare and Al2O3-Coated TiO2 Nano-
particles in DSCs 
 
 
Figure 6.1 compares the I – V curves of DSCs fabricated with 15 µm 
thick bare and Al2O3-coated TiO2 nanoparticle films as the electron transport 
media of the working electrodes. The I – V data presented are the averaged 
data of four DSCs of each type. As was discussed in Chapter Three, the real 
life I – V relationship of the DSC can be modeled by equation 3.37, given as 
                          (6.1)
 
 
with Isat  the diode saturation current, e0  the electron charge, mD  the diode 
ideality factor, kB the Boltzmann constant, T the room temperature, Rs the 
series and Rsh the shunt resistance and Isc the short circuit current density.  The 
entity, 
sh
s
R
I-RV
 
is known as the shunt current, Ish and is a measure of the 
resistance between the two working electrodes of the DSC through undesirable 
routes. Hence a low shunt current and conversely high shunt resistance is 
desirable in a solar cell. The light-to-current conversion efficiency, η, is 
calculated from the I – V curve and is given by  
in
ocsc
in
max
P
VI
 x FF=
P
P
=η
             (6.2)
 
where Pmax is the maximum power point on the I  - V curve, Pin the incident 
power flux and Voc the open circuit voltage.  
 
The critical data obtained from the curves of Figure 6.1 are tabulated and 
presented in the accompanying table in Figure 6.1. It can readily be seen that 
the Al2O3-coated TiO2 DSC is more efficient than a conventional cell 
constructed with a bare TiO2 nanoparticle film, with an increase in η from  6.54 
[ ]
sh
s
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to 7.26%. To deduce the reasons for this increase in efficiency, a discussion on 
the individual quantities contributing to the total device efficiency is required. 
From equation (6.2) it can be seen that these factors are Isc, Voc and the fill 
factor, FF. However, FF is given by the ratio of Pmax and Isc Voc and as such 
much of the discussion around Isc and Voc will also be related to the changes in 
FF.   
 
It is noticeable from Figure 6.1 that the Al2O3-TiO2 DSC has a greater Isc 
compared to the bare TiO2 cell. In Chapter 5.3 it was found that the Al2O3 
coating increases dye adsorption onto the metal-oxide surface, thereby 
increasing the metal-to-ligand charge transfer (MLCT) within the N719 dye, as a 
result of the higher isoelectric point (IEP) of Al2O3 compared to TiO2 [6.1, 6.2]. 
Furthermore, in Chapter 1.5 it was explained that the total incident-photon-
current-conversion efficiency (IPCE) of the DSC is given by the product of the 
efficiencies for light harvesting ( lhη ), electron injection from the dye to the TiO2 
conduction band ( eiη ), electron transport through the TiO2 nanostructured film 
( etη ) and electron collection at the TCO ( ecη ), or mathematically 
eceteilh η×η×η×η=IPCE              (6.3) 
 
The short circuit current density serves as a measure of IPCE given in 
equation 6.3 [6.3]. The N719 dye molecule has the highest light harvesting 
efficiency of the commercial dyes, hence a very high lhη  [6.3]. The increased 
MLCT on the surface of the core-shell material leads to greater electron 
injection from the dye to the TiO2 conduction band, thus the Al2O3 coated TiO2 
working electrodes have a greater eiη . The electron collection efficiency, ecη , 
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at the FTO of the DSCs was increased by coating the FTO/glass substrates 
with a dense TiO2 “blocking layer” in accordance with [6.4].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1: I – V curves of DSCs incorporating bare and Al2O3 coated TiO2 
nanoparticles; the critical data obtained from the I – V curves are 
tabulated in the accompanying table.   
 
The electron transport properties through the bare TiO2 and Al2O3-TiO2 
films (i.e. etη ) will be discussed in conjunction with EIS plots and equivalent 
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circuits. However, based on the increased Isc it is quite evident that an Al2O3 
coated TiO2 nanoparticle film produces a solar cell with greater electron 
generation and injection (or separation) properties than a DSC with bare TiO2 
as the working electrode. Similar results have been reported by various 
authors [6.5 – 6.7]. 
 
 Figure 6.1 also shows that the coated TiO2 DSC has a higher Voc than a 
bare TiO2 cell. O’Regan et al. [6.8] states that there are three ways in which a 
surface coating can cause an increase in the Voc of a DSC. In the first 
instance, the insulating nature of the coating material implies that photo-
injected electrons in the TiO2 conduction band can only recombine with a 
positive charge in the electrolyte or hole conductor by tunneling through the 
insulator (shown in Figure 1.9). This is known as the “tunnel barrier” effect. 
The barrier causes a decrease in the “per electron” recombination rate 
constant for a given electron population. If, at 1 sun illumination, the flux of 
injected electrons from the dye is unchanged, then the electron concentration 
at Voc will be higher for the cell with the coating. In Chapter 1.4 it was shown 
that Voc is given by the difference between the Fermi energy level in the 
semiconductor film and the redox potential of the electrolyte. Hence, a larger 
electron concentration in the TiO2 means a more negative Fermi level and 
thus a larger Voc. 
 
The second possible cause for an increase in the Voc is known as the 
“surface dipole” effect and does not cause a decrease in the recombination rate 
constant. Instead, the surface coating changes the distribution of charge across 
the TiO2/electrolyte interface relative to the uncoated TiO2. If the coating results 
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in more negative charge closer to the TiO2 surface and more positive charge 
closer to the electrolyte, then the resulting electric field will increase the band 
offset between the two materials. This charge redistribution will not directly 
cause a decrease in the recombination rate constant at Voc, so there will be no 
change in the concentration of electrons in the TiO2 at Voc, instead the 
increased band offset is the source of the increase in Voc. 
 
In the third case the coating removes, or moves out of the optical bandgap 
of the TiO2 , a significant fraction of the surface states at potentials near Voc so 
that the total density of states at these potentials is reduced. This might directly 
reduce the recombination rate constant if recombination occurred through 
surface states. However, various authors have argued that there are strong 
indications that recombination is not limited by surface-state density, but rather 
by transport [6.9, 6.10]. Thus, no change in the recombination rate constant for 
this case can be expected as well. The population of electrons in the TiO2 film 
at Voc will stay unchanged, but the same 1 sun Voc population of electrons will 
fill states closer to TiO2 conduction band, resulting in a larger Fermi level offset 
and thus larger Voc.   
 
In Figure 6.1 it is quite evident that there is a marked difference in the 
shunt resistance of the two respective cells, with Rshunt of the Al2O3-TiO2 DSC 
equal to 5.73 versus 0.966 kΩ for a TiO2 cell. This is a strong indication that the 
recombination pathways within the cell have been reduced. Hence, at this 
stage the higher Voc measured in an Al2O3-TiO2 DSC appears to be as a result 
of a decrease in recombination during the tunnel barrier effect, rather than an 
off-set or adjustment of the bandgap of the TiO2.      
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EIS was employed to investigate the charge transport and recombination 
phenomena leading to the different I – V characteristics observed for the two 
different types of DSCs; the respective spectra of which are plotted in Figure 
6.2. Electron transfer within the DSC is coupled to electronic and ionic 
transport. In the dark under forward bias electrons are injected in the 
conduction band of the nanoparticles and their motion is coupled to that of I-/I3
- 
ions in electrolyte. Illumination gives rise to new redox processes at the 
TiO2/dye/electrolyte interface comprising sensitised electron injection, 
recombination with the parent dye and regeneration of the sensitiser.  
 
The EIS spectra presented in the following sections were recorded with a 
forward bias of 0.8 V under AM 1.5 illumination. In Figure 6.2 three distinctive 
features can be observed. From left to right the first semi-circle (at high 
frequencies) is representative of the electron transport at the FTO/TiO2 
interface at the working electrode, the intermediate semi-circle is indicative of 
the electron injection, transport and recombination with I3
- at the 
TiO2/dye/electrolyte interface, whereas the third semi-circle at low frequencies 
contains information about the I-/I3
- redox reactions at the Pt/FTO interface at 
the counter electrode [6.10].    
 
The corresponding equivalent circuit of DSC is shown by the inset in 
Figure 6.2. From left to right, RFTO is the series resistance offered by the 
FTO/glass substrate, and is connected in series to the parallel connected 
constant phase element (CPE1) and the charge transfer element RTiO2, which 
are the double layer capacitance and charge transfer resistance at the 
TiO2/dye/electrolyte interface, respectively.  
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Figure 6.2: EIS spectra of the DSCs with bare TiO2 and Al2O3 coated TiO2 
nanoparticle film as the electron carrier. The equivalent circuit 
configuration for a DSC [6.10].  
 
 
The second Randles circuit in Figure 6.2 describes the diffusion of the tri-
iodide in the electrolyte by means of the Warburg impedance element Zw that is 
connected in series to the charge transfer resistance at the platinum coated 
counter electrode (RCE) and in parallel to the double layer capacitance element 
CPE2, which describes the charge build-up at the counter electrode. This 
equivalent circuit was adapted from the detailed description of a DSC under 
various conditions as reported in [6.10]. Table 6.1 tabulates the values obtained 
by fitting the equivalent circuit in Figure 6.1 to the measured EIS spectra for 
both types of cells. To compare the relative charge transfer resistances in the 
two cells, the values obtained from the equivalent circuit fits were divided by the 
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cell  effective area, which was 0.359  cm2 for the bare TiO2 cell and 0.387 cm
2 
for the Al2O3-TiO2 cell. In addition, the electron recombination lifetime, τn in the 
TiO2 films, as can be obtained from the frequency peak of the middle arc of the 
EIS spectrum for DSCs. This relationship is given by [6.11] 
  
fπ2
1
= lifetime  electron
                       (6.4) 
where f is the frequency of the peak of the intermediate semi-circle.
 
 
Table 6.1: Estimated circuit element values obtained from the fitted 
equivalent circuits in Figure 6.2 
 
 
 
 
As can be seen from Table 6.1 the electron recombination lifetime in the 
Al2O3 coated TiO2 film is higher than the bare film, directly indicating a greater 
diffusion distance travelled prior to recombination. It can also be seen that there 
is a slight decrease in the charge transfer resistance (RTiO2) when the TiO2 film 
is coated with the layer of Al2O3, which is in agreement with the longer charge 
carrier lifetime. These results explain the higher Voc and Rshunt values measured 
for an Al2O3-TiO2 DSC versus a bare-TiO2 cell in Figure 6.1 and proves that the 
electron recombination with nearby tri-iodide ions as well as oxidised parent 
dye molecules are reduced by the insulating overlayer. Thus the Al2O3 coating 
not only increases the dye adsorption properties of the TiO2 film by increasing 
the MLCT characteristics of the film, but the coating also reduces recombination 
within the TiO2 layer.  
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6.2 Application of Bare and Al2O3-Coated TiO2 Nano-
tubes in DSCs 
 
 
Figure 6.3 plots the I – V curves for DSCs manufactured with a 15 µm 
thick layer of bare and Al2O3 coated TiO2 nanotube arrays. As was found in the 
case of the nanoparticle films, it can be seen from Figure 6.3 that a layer of 
nanotubes coated with Al2O3 also produces a DSC with greater efficiency, with 
an increase from 4.56 to 4.88% measured. There is also a slight increase in Isc 
from 7.748 to 7.962 mA/cm2 after coating the nanotube layer with the Al2O3.   
 
In contrast to nanoparticle based DSCs, however, there is a slight 
decrease in the open circuit voltage after coating, from 821.551 to 811.814 mV. 
The shunt resistance, Rshunt increases from 7.93 kΩ for a cell with a bare TiO2 
nanotube layer to 13.9 kΩ for a DSC with an Al2O3 coated TiO2 nanotube layer. 
Furthermore it can also be seen that the series resistance, Rseries decreases 
and that the maximum power increases upon coating the nanotubes.  
 
The increased short circuit current density upon coating suggests once 
more that the MLCT increased ion in the dye as a result of the alumina coating 
thereby inducing greater electron injection into the TiO2 conduction band, in 
coherence with the UV-vis results obtained in Chapter 5. The negligible change 
in the open circuit voltage suggests good electron transport in both types of 
cells whereas the increase in shunt and decrease in series resistance upon 
coating imply a decrease in the electron-hole recombination at the complex 
interfaces within the Al2O3-TiO2 nanotube DSC.    
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Figure 6.3: I – V curves of DSCs incorporating bare and Al2O3 coated TiO2 
nanotubes 
 
 
The EIS spectra of the respective nanotube based cells are plotted in 
Figure 6.4. The spectra were recorded at 1 sun (AM 1.5) illumination under 
forward bias of 0.8 V. Once more three distinctive arcs can be identified as a 
result of the FTO-TiO2, TiO2/dye/electrolyte and electrolyte/Pt/FTO interfaces, 
respectively. However, in the low frequency range, a straight line rather than a 
semi-circle is observed. The equivalent circuit fits are plotted in the inset of 
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Figure 6.4. For these spectra, purely capacitive circuit element, C1 and C2, 
provided a better fit, which is indicative of near perfect charge double layer 
build-up at the respective interfaces [6.11].  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4: EIS Spectra of the bare and Al2O3 coated TiO2 nanotube DSCs 
along with the fitted equivalent circuit layout   
 
 
The values obtained during the fitting of the different circuit elements are 
summarised in Table 6.2. Analysis of the charge transfer resistance, RTiO2 at 
the TiO2/dye/electrolyte interface reveals a decrease upon coating with the 
Al2O3 insulating layer, similar to the case when coating the nanoparticle film. It 
can also be seen that there is an increase in the electron lifetime in during 
transport in the TiO2 nanotube film upon coating. These results are in good 
agreement with the increase in Rshunt, as shown in Figure 6.3.  
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Table 6.2: Estimated circuit element values obtained from the fitted 
equivalent circuits in Figure 6.4   
 
 
 
 
 
 
 
6.3 Comparison between Nanotube and Nanoparticle 
Based DSCs  
 
 
Figure 6.5 compares the I  - V curves of all four types of DSCs, with the 
corresponding data plotted in the table inserted in Figure 6.5, where it can 
readily be seen that a nanoparticle based cell produces a greater current 
density than a nanotube based device. It is well reported that TiO2 nanotube 
films suffer from low effective surface area for dye-adsorption compared to a 
layer of nanoparticles of size between 10 and 20 nm [6.12 – 6.14] and that this 
causes a decrease in the attainable photocurrents in the DSC.  
 
In Chapter 5.3 it was found that the N719 dye adsorbed nanotube films 
absorb less radiation than the nanoparticle films, and subsequently had a lower 
MLCT character subsequently resulting in a poorer light harvesting. Shankar 
[6.15] showed that the light harvesting efficiency, ηlh in equation 6.2, is indeed 
directly proportional to the nanotube surface area and that longer length 
nanotubes produced greater efficiencies.  
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Figure 6.5: Comparison of the I – V curves for the four different DSCs with 
the corresponding I – V data 
 
 
Conversely, the open circuit voltages produced by nanotube based DSCs 
are greater than the nanoparticle equivalents, as shown in Figure 6.5 and fits 
well with the greater shunt currents measured for the different cells, suggesting 
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greater charge and mass transport within the nanotube based cells. Figure 6.6 
shows the EIS spectra along with the values obtained for the different circuit 
elements of the equivalent circuit fits.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6: EIS spectra of the four different cells with the values obtained for 
the circuit elements of the equivalent circuits 
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As can be seen in Figure 6.6, the electron lifetime in the TiO2 nanotube 
films are significantly greater than is the case in the nanoparticle films. This 
serves as proof of the 1-D charge transport route provided by the nanotubes. In 
addition, it can also be seen that the lifetime is greater in the coated nanotubes 
compared to the uncoated nanotubes, which suggests that the coating acts as 
a charge suppresses the recombination pathways between the injected 
electron in the TiO2 conduction band and the oxidised dye molecule, as well as 
between the TiO2 and the electrolyte. As was previously shown, this fits well 
with the observed I-V curve data.  
 
 
Conclusion 
 
 
This work shows that the insulating properties of a core-shell nanoparticle 
structure can indeed be applied to a nanotube and that the concept is feasible 
for applying in a DSC. In fact, the results of Figures 6.1 to 6.6 suggests that the 
novel Al2O3-coated TiO2 architecture has the potential to out-perform traditional 
nanoparticle based DSCs. However, for this to be overcome more work is 
required on the charge transport properties, in particular the relationship 
between the charge transport and the architecture (i.e. shape, length, crystal 
structure, etc.) of these arrays of nanotubes. A major obstacle encountered 
during this study has been the absence of incident-photon-current conversion 
efficiency (IPCE), photo-voltage and photo-current decay, intensity modulated 
photocurrent (IMPS) and photovoltage spectroscopy (IMVS) facilities and will 
form part of future studies in the characterisation of these novel DSCs.  
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SUMMARY  
 
 
 TiO2 nanotubes offer a one-dimensional (1-D) transport route for 
generated electrons in the dye-sensitised solar cell (DSC), thereby offering a 
potential solution to high rates of recombination between the electrons and 
nearby holes within the cell. The high recombination rates result in low efficient 
DSCs, with the best reported efficiencies in and around 11%. This study 
explored the use of a novel, modified  nanotube architecture, which comprised 
of Al2O3 coated TiO2 nanotubes in the DSC. It is hypothesised that the 
insulating properties of the alumina combined with the 1-D properties of the 
nanotubes reduce the recombination at the interface between TiO2, dye and 
electrolyte, while also increasing the electron lifetime within the DSC. The study 
was structured as follow:  
 
 
A. Optimisation of the anodisation process for the synthesis of arrays of TiO2 
nanotubes  
 
 
The TiO2 nanotubes were synthesised by means of electrochemical 
anodisation, as described in detail in Chapter Two. In Chapter Three the 
anodisation bath conditions were optimised to synthesise TiO2 nanotube arrays 
with an average length of 15 µm, diameter of 50 nm and wall thickness of        
15 nm. The optimised anodisation bath parameters consisted of an anodisation 
voltage of 60 V, neutral organic electrolyte consisting of 2 M H2O + 0.15 M 
NH4F + ethylene glycol (EG) and an anodisation time of 6 hours. The 
anodisation voltage was increased increased from 5 to 60 V and it was found 
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by means of scanning electron microscopy (SEM) analysis that the nanotube 
diameter, wall thickness and length linearly increased with an increase in 
voltage. The F- ion concentration was varied from 0.15 to 1 mol/l by increasing 
the concentration of NH4F in the electrolyte bath. This resulted in an increase in 
the nanotube diameter.   
 
X-ray diffraction (XRD) patterns revealed that the as-anodised nanotubes 
were amorphous and as such were annealed at 450 °C for 2 hours in air at 
atmospheric pressure. This yielded  crystalline anatase TiO2 nanotubes and it 
was found that the crystallinity of the nanotubes are dependent on physical 
structure of the nanotubes, in particular the nanotube wall thickness and 
hexagonally shaped bottom.  
 
 It was also found by means of photoluminescence spectroscopy that the 
optical properties, especially the bandgap of the TiO2 nanotubes are dependent 
the crystallinity, which in turn was dependent on the structural characteristics, 
such as the wall thickness, diameter and length. The PL measurements were 
supplemented by Raman spectra, which revealed an increased in the quantum 
confinement of the optical phonon modes of the nanotubes synthesised at low 
anodisation voltages, consequently yielding a larger bandgap. 
 
  
B.  Synthesis of the Al2O3-coated TiO2 nanotubes  
 
 
Chapter Five investigated the morphology, crystallinity and dye-adsorption 
properties of core-shell Al2O3-coated TiO2 nanotubes. A simple synthesis 
protocol was followed based on previous work done on films of TiO2 
nanoparticles, as detailed in Chapter Two. Atomic force microscopy (AFM) 
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micrographs showed that the average particle size of a film of TiO2 
nanoparticles increases after coating with the Al2O3. Similarly it was found via 
AFM that the average nanotube diameter increased post sol-gel deposition, 
and served as the first indications that the nanotubes indeed are coated with a 
layer of Al2O3. 
  
High resolution transmission electron microscopy (HR-TEM), coupled with 
selected area electron diffraction (SAED) and XRD analyses confirmed the 
coating of the nanotube walls with a thin layer of amorphous Al2O3 with a 
thickness between 4 and 7 nm.  To the best of our knowledge and based on 
published literature, this is the first time that a simple sol-gel dip-coating 
process has been successfully applied to uniformly coat anodised TiO2 
nanotube layers. In addition, ultraviolet-visible (UV-vis) absorbance spectra 
showed that the dye-adsorption ability of the nanotubes are enhanced by the 
Al2O3 coating and hence is a viable material for solar cell application.  
 
 
C. Application of Al2O3-coated TiO2 nanotubes in the DSC 
 
Chapter Six investigated the photovoltaic and electrochemical properties 
of DSCs employing bare and Al2O3-coated TiO2 nanotubes. Photocurrent – 
voltage (I – V) measurements showed that a DSC fabricated with a 15 µm thick 
layer of bare TiO2 nanotubes has a photon-to-light conversion efficiency of 
4.56%, which increased to 4.88% after coating the nanotubes with a layer of 
alumina. However, these devices had poorer conversion efficiencies than bare 
TiO2 and Al2O3-coated TiO2 nanoparticle based DSCs, which boasted with 
efficiencies of 6.54 and 7.26%, respectively. The low efficiencies of the TiO2 
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nanotube based DSCs are ascribed to the low surface area of the layer of 
nanotubes, which yielded low photocurrent densities. Electrochemical 
impedance spectroscopy (EIS) showed that the electron lifetime in the alumina 
coated nanotubes are almost 20 times greater than in a bare layer of 
nanoparticles. In addition, it was also found that the charge transfer resistance 
at the interface of the TiO2/dye/electrolyte is the lowest for an Al2O3-coated TiO2 
layer.   
 
As future work, the charge transport mechanisms in the novel coated 
nanotube structures should be investigate by means of incident-photon-current 
conversion efficiency (IPCE), photo-voltage and photo-current decay, intensity 
modulated photocurrent (IMPS) and photovoltage spectroscopy (IMVS). 
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